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Engine Variables and Their Effects 


on Exhaust Gas Composition* 


J. M. Cuanoter, W. A. Cannon, J. C. NEERMAN, AND ArTHuR RUDOLPH 
Ford Motor Company 
Dearborn, Michigan 


Recent reports on air pollution''?*), particularly those 
concerned with the Los Angeles smog, have indicated 
that hydrocarbons might be important smog-forming 
compounds, and that automobile exhaust could be an 
important source of hydrocarbons in the Los Angeles 
area. Surveys have been made to determine the composi- 
tion of automobile exhaust, and tests have been run 
attempting to simulate smog under controlled conditions 
by combining automobile exhaust with either ozone or 
oxides of nitrogen. Plants which are known to be suscep- 
tible to smog damage have then been exposed to these 
artificial “smogs,” and attempts have been made to cor- 
relate plant damage with hydrocarbons in automobile 
exhaust), 

A broad program on automobile exhaust and air pollu- 
tion has been active in our company for some time. We 
have conducted surveys of our products to determine com- 
position of exhaust gas, we have developed several tech- 
niques for exhaust gas analysis, and we have tried several 
methods for reducing hydrocarbons in automobile exhaust. 
This paper is essentially a progress report describing some 
of the results we have obtained to date. 

Analysis Techniques 


All the data reported in this paper were obtained using 
a Consolidated Mass Spectrometer Model 21-103 B 
(Fig. 1). During the course of our mass spectrometric 
analysis of exhaust gas it became apparent that a signifi- 
cant amount of apparently unchanged gasoline is found 
in the exhaust. The relative proportion of unchanged 
gasoline to “cracked” or partly burned materials varies 
with the engine operating conditions, being highest on 
deceleration and lowest on cruising. This proportion, 
however, remains relatively constant for any given type 
of engine operation. 


The gasoline actually used in each test was scanned in 


Haagen-Smit, A. J., “Chemistry and Physiology of Los Angeles 

Smog,” Ind. Eng. Chem., 44, 1342-46 (1952). 

'2) Magill, P. L., Hutchison, D. H., and Stormes, J. M., “Hydro- 
carbon Constituents of Automobile Exhaust Gases,” Proc. Second 
National Air Pollution Symposium, p. 71, 1952. 

'3) Viets, F. H., Fischer, G. I., and Fudurich, A. P., “Hydrocarbon 

Pollution from Automobile Exhaust Gases, A Report of Test 668 

and Associated Work,” Air Pollution Control District, County of 

Los Angeles, Sept. 12, 1952. 

Conn, G. R., Noble, W. M., and Larson, G. P., “Detection of 

Smog-Forming Hydrocarbons in Automobile Exhaust Gases Using 

Plants as Indicators,” Air Repair, 4, 31-34 (1954). 

*Presented at the 48th Annual Meeting of the Air Pollution Con- 

trol Association, Detroit, Michigan, May 22-26, 1955. 
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the mass spectrometer and treated as a “compound” in 
the analysis of exhaust gas samples obtained in that test. 
This is the quantity designated as “Unburned Fuel” in 
the test results. Data are thus reported either as total 
hydrocarbons, weight percent of supplied fuel, or as 
unburned fuel, mole per cent. Total hydrocarbons were 
determined to provide basic knowledge of exhaust gas 
composition, whereas the unburned fuel values were used 
for all comparative testing of devices for reducing hydro- 
carbon emission in automobile exhaust gas. 
Sampling Methods 

Most of our exhaust gas samples were collected in 
300 ml. evacuated (below 1 mm. Hg.) flasks equipped 
with special high-vacuum stopcocks. To obtain a sample, 
a standard taper joint on the flask was inserted into a 
matching stainless steel taper mounted in the wall of 
the exhaust pipe (Fig. 2 shows a test car mounted on 
a chassis dynamometer, and Fig. 3 shows how the exhaust 
gas sample is actually taken). At the desired moment, 
the stopcock was opened, and the flask allowed to fill 
with exhaust gas to atmospheric pressure. Moisture 
usually condenses on the inside walls of the flasks; hence, 
subsequent analysis of the water in the gaseous portion 
of the sample does not represent all of the water originally 
present. Some water-soluble compounds (i.e., H,S, HCl, 
SO,,) may also be removed. Recognizing these limitations, 
the sampling procedure seems quite satisfactory for the 
problem at hand; that is, the evaluation of the effect of 
engine variables on the hydrocarbon content of the 
exhaust. 





Fig. 1 Mass Spectrometer used to analyze exhaust gases. 











Fig. 2. Test vehicle on chassis dynamometer. 


During deceleration, exhaust gas flow and composition 
change so rapidly that it is difficult to get reproducible 
“grab samples,” and we questioned whether a “grab 
sample” would be representative of the total deceleration 
cycle. It therefore seemed desirable to collect a decelera- 
tion sample throughout “an entire cycle. Mass spectro- 
metric procedures did not seem readily adaptable to this 
sort of sampling, so a chemical method was developed. 

A portion of the exhaust gas flow was diverted through 
a dry-ice-cooled trap and thence to a wet test meter. A 
solenoid valve actuated by a microswitch attached to 
the throttle linkage accurately timed the flow of exhaust 
through the cold trap, starting at the moment the throttle 
was closed (thus initiating the deceleration cycle). The 
condensate was analyzed for combustible materials by an 
adaptation of the combustion methods of MacFarlane‘*? 
and Lloyd). Results obtained by this chemical pro- 
cedure are compared with a mass spectrometric analysis 
of a “grab sample” (taken approximately 6 seconds after 
closing throttle) on deceleration cycles with the same car: 


Volume Per Cent Hydrocarbons 
(C, and Higher) 


1.4 
1.8 
This comparison between a “grab sample” analyzed 
on the mass spectrometer and a sample collected during 
the entire deceleration cycle, analyzed by the combus- 
tion method, verifies that a “grab sample” taken six 
seconds after the start of deceleration is a reasonable 
indication of the average hydrocarbon emission during 
a typical deceleration. 


COL ETS SS Re an ee 


Mass Spectrometer 


Hydrocarbon Emissions—Standard Engines 


Having established test procedures, we then proceeded 
to survey our production engines to determine the hydro- 
carbon content of their exhaust gas. The results from this 
phase of the program are interesting in that they confirm 
previously published results obtained by another auto- 
mobile manufacturer, particularly identifying the decelera- 
tion cycle as the one emitting the most hydrocarbons. 


(5) MacFarlane, J. J., “The Application of Chemical Analysis to the 
Investigation of Gas Turbine Combustion Problems,” Proc. Inter- 
national Congress of Pure and Applied Chemistry, 1947. 


(6) Lloyd, P., Transactions Am. Soc. Mech. Eng., 70, 335-41 (1948). 
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Fig. 3. Exhaust gas sampling technique. 
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INTAKE MANIFOLD VACUUM-IN. HG. 


For test purposes, engines were mounted on an engine 
dynamometer and samples were taken from a standard car 
exhaust system attached to the engine. 

Fig. 4 shows a plot of intake manifold vacuum versus 
hydrocarbon emission (weight per cent of supplied fuel) 
for several engine speeds. These curves indicate that the 
hydrocarbon emission is approximately 2°% by weight 
from full throttle until idling manifold vacuum is 
exceeded. 


Above 21 in. Hg. manifold vacuum, the hydrocarbon 
emission rises steeply as shown. In this operating range, 
the engine is not developing power, but must be turned 
by the dynamometer, similar to a car deceleration or a 
coast down a hill with the clutch engaged and the throttle 
closed. It should be noted that the points on the extreme 
left hand side of the curve, at wide open throttle, would 
be almost equivalent to a full power acceleration on the 
road, while the center portion represents cruising at 
various speeds. Of interest here is the reason for the 
abrupt increase in hydrocarbon emission at the high- 
manifold-vacuum conditions existing during deceleration. 

Illuminating contributions in this respect were given 
in 2 papers presented at the SAE Annual Meeting last 
January’®). Of fundamental interest were the flame 
photographs which showed the suspected partial or in- 
complete combustion during high-vacuum conditions. 
Limits were also established beyond which no more com- 
bustion takes place. The reason for the lack of burning 
was found to be the extensive exhaust gas dilution of the 
charge, or “low concentration of reactants,” due to the 


(7) Rounds, F. G., Bennett, P. A., and Nebel, G. J., “Some Effects 
of Engine-Fuel Variables on Exhaust Gas Hydrocarbon Content,” 
J. Air Poll. Control Assoc., 5, this issue (August 1955). 

(8) “Automotive Exhaust Testing Procedures and Efficiency Studies 
in the Evaluation of a Catalytic Muffler,” Los Angeles County Air 
Pollution Control District Publication No. 57, July 30, 1954. 

(9) Wentworth, J. T., and Daniel, W. A., “Flame Photographs of 
Light-Load Combustion Point the Way to Reduction of Hydro- 
carbons in Exhaust Gas,” J. Air Poll. Control Assoc., 5, (1955). 
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gap spark plug. 


high manifold vacuum rather than just high vacuum itself. 
It has been our contention that an alternate burning and 
non-burning takes place during deceleration, inasmuch as 
non-burning for a few cycles should create a charge with 
less dilution, which in turn should burn in a normal 
manner. 

Hydrocarbon emission is dependent on the failure of 
the charge to burn completely. It is, therefore, desirable 
to determine whether and to what extent burning takes 
place in the combustion chamber during a normal de- 
celeration of the car, or during over-ride conditions on 
the dynamometer, simulating deceleration. Three methods 
were applied to detect the occurrence of combustion. 

They were: 

1. The ionization gap. 
2. Indicator diagrams. 
3. Dynamometer beam loads. 

The ionization gap method gave a good indication of 
firing and non-firing for each cylinder, and could be used 
on the dynamometer as well as on the road. A Socony 
Engine Analyzer was used, connected to ionization gaps 
located within the spark plugs (and in some cases also 
in the quench area) to determine burning throughout the 
chamber (Fig. 5 and 6). The ionization gap method proved 
to be a valuable tool for determining the existence and/or 
completeness of combustion, both under standard oper- 
ating conditions and during the preliminary evaluation 
of carburetor devices. It does not, however, replace ex- 
haust gas analysis as the final test to determine the effec- 
tiveness of a device designed to reduce hydrocarbon emis- 
sion. 


Indicator diagrams taken with a_ strain-gage-type 


pressure pick-up and an oscilloscope show cycle-to-cycle ° 


pressure events. Of interest in this connection are the 
diagram portions which represent the exhaust and intake 
strokes. A special low-pressure pickup was used in con- 


of APCA 





Fig. 6. Dynamometer test installation using 
Socony engine analyzer. 


Fig. 7. P-V diagram comparision at ™> fe) | 
idling and during simulated decelerations at 


1000 and 1800 R.P.M. 


<we Fig. 5. lonization 
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nection with a continuous-recording X-Y indicator and a 
sampling valve. The results in this case are average 
values for many cycles. An example is shown in Fig. 7, 
converted to a pressure-volume diagram. It was taken 
at 450 rpm. idling. The suction strokes for 1000 and 
1800 rpm. simulated decelerations are superimposed. 
While the pressure during the exhaust stroke is near 
atmosphere in each case, it drops to depressions as they 
exist in the manifold as soon as the intake valve opens. 


The cylinder charge at the end of the suction stroke, 
therefore, consists of residual gases having a volume equal 
to the combustion chamber volume—expanded to the 
vacuum and temperature existing in the cylinder—plus 
fresh charge equal to the remainder of the total cylinder 
volume. Thus, the amount of fresh charge will decrease 
in comparison with the residual gas volume as the cylinder 
depression increases, thus increasing exhaust gas dilution. 
This increased dilution is responsible for lack of combus- 
tion, thereby causing hydrocarbon emission to increase 
with an increased manifold vacuum. 


Dynamometer beam loads were used to explore engine 
variables which might affect hydrocarbon emission, par- 
ticularly spark advance, as shown on Fig. 8. Here we 
have plotted braking torque (or engine friction) with the 
throttle closed versus engine rpm. The lower curve shows 
braking torque with standard 3 to 5.5° spark advance 
(closed throttle). The upper curve shows the reduction 
in braking torque, or improvement in burning, which is 
accomplished by advancing the spark until a maximum 
reduction in torque has been attained. As can be seen, 
the per cent improvement is greatest at the lower engine 
speeds, decreasing with increasing engine rpm. Fig. 9, 
however, shows a plot of hydrocarbon emission versus 
engine speed under the same engine operating conditions. 
In this case the upper curve represents hydrocarbon emis- 
sion using the automatic spark advance setting, the lower 
curve, the reduced hydrocarbon emission resulting from 
increasing spark advance for least braking. It appears 
from this curve that the per cent reduction in hydrocarbon 
emission increases with engine speed, even though the per 
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Fig. 8 Effect of spark advance on engine 
braking. 


cent reduction in braking torque decreases with engine 
speed, as on the previous curve. This test indicates some 
advantage, not yet fully explored, in advancing the spark 
beyond the automatic setting during deceleration. 

Fig. 10 shows the spark advance required for best 
burning throughout the speed range with closed throttle. 
It can be seen that the spark settings required are beyond 
present settings for either centrifugal or full-vacuum- 
advance distributors. 

Having noted the high rates of hydrocarbon emission 
during idling operation as published in the literature‘, 
and having noted that many of the cars tested were old 
and in poor mechanical condition, it became of interest 
to us to determine the effect of engine condition on air- 
fuel ratio at idle. Since good correlation exists between 
air-fuel ratio and hydrocarbon emission at idle, as shown 
in Fig. 11, it was apparent that air-fuel ratio, which is 
relatively easy to measure, could be a guide for estimat- 
ing hydrocarbon emission. 

For this information a parking lot survey of customer 
cars was considered. A second approach was conceived, 
however, which led us to examine a large number of 
company-owned pool cars for air-fuel ratio at idle, both 
as the car was received, and after the idle spark advance 
and carburetor settings were readjusted to best idle at 
manufacturer’s specifications. It was reasoned that if the 
company pool cars, which are current models and in 


(2) See footnote 2, page 65. 
(3) See footnote 3, page 65. 
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Fig. 11. Effect of air-fuel ratio on hydrocar- 
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Fig. 9. Effect of spark advance on hydrocar- 
bon emission during closed throttle deceleration. 


IDLING OPERATION 


Fig. 12. Effect of air-fuel ratio on hydro- 
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deceleration. 


good mechanical condition, were in the air-fuel range of | 


low hydrocarbon emission, then cars in the field could 


also be considered to be in the same range if they too! 


were in good mechanical condition and properly tuned, 
In this survey 46 vehicles were tested, and the results 
are shown in Fig. 12, superimposed on the previous 
curve. Here we see that these cars not only were at a 
relatively low hydrocarbon emission rate as received, but 


were also in good adjustment, as tuning did not bring | 


about a large improvement. (It should be noted that 
these cars were not test cars, but company pool cars used 
throughout the Detroit area for transportation. ) 


Concurrent with the field surveys and the testing on | 


the engine dynamometer was our test program on the 


chassis dynamometer. Exhaust gas samples were taken} 


from standard test cars under various operating condi- 


tions. Cruising and idling are steady state conditions, but | 
the transient conditions during deceleration posed the| 


need for a continuous exhaust gas analyzer. We pat- 
terned our sampling technique after the one developed 
by the Los Angeles Air Pollution Control District. We 
felt that they had done a considerable amount of work 
to arrive at their procedure, and we also wanted data 
obtained on a comparable basis. Thus, our deceleration 
samples were taken in evacuated flasks, at a point ahead 


of the muffler, 6 seconds after the start of the deceleration. § 


Fig. 13 indicates some of our results during cruising, 
idling, and deceleration. The results were as expected, 
cruising having the lowest hydrocarbon emission, idling 
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Fig. 13. Effect of engine operating conditions 
on hydrocarbon emission. 
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Fig. 10. Spark advance during closed throttle 
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Fig 14. Comparison of results with previous ié 
studi 


slighily more, and deceleration considerably more. Fig. 
14 comparing our results with those of 4 other investi- 
gators, shows good correlation of results ‘?37®), 

From the results shown in Fig. 13 and 14, it appears 
that cruising and idling have low rates of hydrocarbon 
emission for vehicles in good operating condition. The 
major area for reduction of hydrocarbon emission through 
engine design appears to be in the range of high manifold 
vacuum during deceleration. 


Reducing Hydrocarbon Emission 
During Deceleration 


Of the various methods devised for decreasing hydro- 
carbon emission during deceleration, limiting the mani- 
fold vacuum has many interesting features. Referring 
back to Fig. 4, we can see that below 21 in. Hg. the 
hydrocarbon emission is in the 2% range, far below the 
emission rate of a normal deceleration. If a spring-loaded 
diaphragm were attached to the throttle linkage and 
actuated by manifold vacuum, it could be set to keep the 
throttle sufficiently open during a run-down to prevent 
the manifold vacuum from exceeding 21 in. Hg. 

In order to estimate the potential of such a device, 
road tests were run on each of our products to measure 
deceleration time under normal driving conditions, and 


t ‘2) See footnote 2, page 65. 
(3) See footnote 3, page 65. 
‘7) See footnote 7, page 66. 
'S) See footnote 8, page 66. 
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hydrocarbon emission. 


Fig. 18. Effect of carburetor devices 
on hydrocarbon emission. 
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Fig. 15. Effect of vacuum limiter on closed 
throttle deceleration time. 
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Fig. 16. Level road deceleration tests intake 
manifold vacuum vs. deceleration time from 


50 M.P.H. 


also with the throttle held open to hold the manifold 
vacuum at or below 21 in. Hg. 

As shown in Fig. 15, the time required for a non-braking 
deceleration with an automatic torque-converter trans- 
mission and a manifold-vacuum limiter averaged almost 
twice the time required for a normal non-braking decelera- 
tion from 50 to 20 mph. Overdrive transmissions also 
averaged almost twice as long, and the manual trans- 
mission with the manifold-vacuum limiter took nearly 3 
times as long as normal. In other words, in order to 
stop a vehicle in the same amount of time, more braking 
would be required with a vacuum-limiter-equipped ve- 
hicle than with a standard vehicle. 

However, the potential reduction in hydrocarbon emis- 
sion from a vacuum limiter is worth consideration. Since 
we have already seen that operation below 21 in. Hg. 
manifold vacuum averages 2°% hydrocarbon emission, 
(weight per cent of supplied fuel), and that normal de- 
celerations average up to 20% hydrocarbon emission, 
a substantial reduction in emission rate is readily apparent 
with the manifold vacuum limited to 21 in. Hg. during a 
deceleration. Based on equal deceleration times, and on 
the fact that fuel flow is 2 to 3 times as much during 
“limited vacuum” deceleration as during normal decelera- 
tion, an estimated reduction in hydrocarbon emission of 
70 to 80% can be calculated. Operation with the vacuum 
limiter will, of course, result in a need for increased 
braking. 
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Fig. 16 shows a plot of manifold vacuum versus decel- 
eration time utilizing an even simpler type of manifold 
vacuum limiter, a slow-leakage dashpot on the carburetor. 
The highest vacuum is reached by a manual transmission 
vehicle (Curve 1). Curve 2 shows the reduction in mani- 
fold vacuum for a standard automatic transmission, indi- 
cating the reason for less hydrocarbon emission from a 
vehicle equipped with an automatic transmission. Curve 
3 shows the vacuum-time curve for a dashpot with a 
slower leakage rate calibrated to keep the manifold 
vacuum below 21 in. Hg. 


Fig. 17 indicates the effect on per cent hydrocarbons 
in the exhaust gas using dashpots with 3 leakage rates, 
standard, medium, and slow. It is to be emphasized, of 
course, that the reductions indicated are for samples 
taken 6 seconds after the start of the deceleration. Until 
we have looked further into the field of analyzing transient 
operating conditions, we will not know the hydrocarbon 
emission versus deceleration time curve which is required 
for adequate evaluation of any device designed to reduce 
hydrocarbon emission during deceleration. 

In our pursuit of devices involving more extensive 
carburetor changes, several different approaches were 
conceived and tried, some utilizing components already 
existing. Since the goal was to improve combustion during 
deceleration, 2 carburetors previously designed to elimin- 
ate run-down “popping” in the exhaust manifold were 
tested on the chassis dynamometer for their effects on 
combustion. The first, a “de-popper” carburetor, was 
designed to eliminate backfiring by decreasing the air 
from the carburetor during deceleration, thereby produc- 
ing an enriched mixture during high manifold vacuums. 
The second carburetor was designed for the same use, but 
achieved richness by actually increasing fuel flow during 
deceleration. Fig. 18 indicates the negative results at- 
tained with each of these devices, since both resulted in 
more hydrocarbon emission during deceleration. 

One of the more promising devices from the standpoint 
of test results is the idle fuel cut-off carburetor. This 
carburetor can be set to decrease or cut off entirely the 
flow of fuel when the manifold vacuum exceeds a pre-set 
level, usually in the neighborhood of 20 to 22 in. Hg. Such 
a device has an additional advantage of saving the fuel 
normally wasted during deceleration (an estimated 3% 
savings for the Los Angeles APCD test route). 

Methods applied to shut off the idle fuel are either a 
positive shut off valve, or a valve which bleeds a sufh- 
cient amount of atmospheric air into the idle system to 
cancel the suction for the idle fuel. A combination of 
both methods is also feasible. In either case the valve 
must be operated by the increased manifold vacuum 
existing during deceleration and override conditions. 

It is understandable that with no fuel flowing during 
deceleration, the intake manifold and ports become dry 
after a certain period, and that a lack of combustible 
mixture then exists, if sudden normal operation is de- 
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CLOSED THROTTLE DECELERATION 


ADVANGE DASHPOT 


REDUCTION IN HYDROCARBON EMISSION 
BASED ON PRODUCTION CARBURETOR - PERCENT 


DASHPOT CUT-OFF CUT-OFF 
CARBURETOR MANUALLY 


rig. 20. Summary of methods for reducing hydrocarbon emission. 


~ 


manded. No trouble in this respect was encountered 
with the idle-cut off carburetor during acceleration after 
a deceleration. The accelerating pump apparently takes 
care of supplying sufficient fuel. 

Idling after deceleration poses a more serious problem 
and in many cases a “drooping” of the engine or even 
stalling is encountered. It was found that much can be 
done to improve the time of recovery after a period of 
deceleration by making changes in the idle system which 
would tend to create a quicker response. 


The depressions at which the idle fuel shuts off and | 


cuts back in should be nearly the same in order to keep 


the period of functioning as long as possible. The sensi- ’ 


tivity, or lack of hysteresis, depends on the design of 
the valve and the friction opposing its operation. 

Cutting off the fuel during deceleration has a good 
effect on reducing hydrocarbon emission, as noted in Fig. 
19. Here we see a reduction in hydrocarbon emission of 
84°% at the 6 second sampling point. This 84°% reduction 
is compared with an 89°% reduction when the fuel is 
manually cut-off, indicating some hydrocarbon emission 
from the fuel residue in the intake manifold and exhaust 
system. 

Summary 


From the data presented it can be concluded that: 


1. Hydrocarbon emission from well-tuned engines in| 


good mechanical condition is lowest during cruising, 
next lowest at idle, and highest during deceleration 
(Fig. 13). 
An advanced spark setting during deceleration offers 
an apparent reduction in hydrocarbon emission 
(Fig. 20). 
Hydrocarbon emission during deceleration can be 
substantially reduced by limiting the manifold 
vacuum to a pre-set level, limiting the manifold 
vacuum by a slow-leak dashpot, or by cutting off 
fuel flow during deceleration (Fig. 20). 

It is to be emphasized that the data reported in this 

(Continued on page 108) 
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An Inventory of Automobile Gases* 


Date H. Hutcuison ANp Francis R. HoLpen 
Stanford Research Institute 
Stanford, California 


Large quantities and many types of impurities are 
emitted daily into the atmospheres of our cities. The 
pollutants may be solid, liquid, or gaseous—usually there 
are combinations of the 3 types. The magnitude of each 
pollution problem is a function of many meteorological 
factors, each contributing to the available capacity of 
the atmosphere as a dump. Pollution is most troublesome 
when the air mass becomes stagnant with great stability 
for an appreciable period. 

Air pollution problems, in the past, have resulted pri- 
marily from smoke and fly ash produced by the combus- 
tion of fuels used for heating purposes. London, Pitts- 
burgh, Cincinnati, and St. Louis are examples of com- 
munities where the major sources of pollution are domestic 
and industrial heating plants. This type of pollution may 
be controlled by dust collection, by modification of heat- 
ing plants, and by restrictions on the use of high volatility 
fuels. 


Of more recent origin is the type of air pollution repre- . 


sented by Los Angeles smog. In the latter, the smog effects 
are eye irritation, crop damage, and reduced visibility. 
These smog manifestations, initiated by sunlight, are 
caused by the reaction products of combustion effluents, 
primarily hydrocarbons and ozone. These gases and 
vapors are held in place by the topographical and meteoro- 
logical conditions in the Los Angeles Basin. 

The portion of this area generally known as the south 
coastal basin is bounded by an arc of mountains on 3 
sides, while the ocean with its on-shore winds is on the 
fourth side. During the period May through November, 
a mass of air settles over the coast of California from 
high above the Pacific Ocean. As this mass of air moves 
downward, it warms to 75° to 90° F, forming a layer of 
warm air over the cooler air at ground level. This condi- 
tion is known as a temperature inversion. The base of 
the inversion in the Los Angeles area is generally 1000 
to 2000 feet above ground level’. It rises and lowers 
depending upon the meteorological conditions. If the in- 
version is preceded by several days when the daily wind 
movement is less than the normal 125 miles, the pollu- 
tants are held captive. Under these conditions, they 
accumulate as gases and aerosols with the latter consist- 
ing of a combination of liquid droplets and particles in 





(1) Robinson, Elmer, “Some Air Pollution Aspects of the Los An- 
geles Temperature Inversion,” Bull. Amer. Met. Soc. 33, 247-50 
(1952). ; 


{ 2) Stanford Research Institute, “The Smog Problem in Los Angeles 


County,” p. 107, Western Oil and Gas Association, Los Angeles, 
Calif., 1954. 


*Presented at the Anunal Meeting of the Society of Automotive 
ngineers at Detroit, Michigan, January 10-14, 1955. 
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the sub-micron range’). These materials may react with 
one another, under the influence of sunlight to produce 
the plant damage and eye irritation so widely associated 
with smog‘*). In Los Angeles County these conditions 
exist about 260 days out of the year, and the pollutants 
may become sufficiently dense to restrict visibility to less 
than one mile“), 

Although the entire coastal basin occupies an area of 
about 1700 mi.”, the air pollution is primarily concen- 
trated in an area of 1200 mi.”, which includes Greater Los 
Angeles, Pasadena, and Long Beach. The height to 
which the smog actually rises is unknown, but the upper 
limit of high concentrations of pollutants is generally con- 
sidered to be at the base of the inversion, or about 0.2 
mile on the average"). The volume of smog can be esti- 
mated from these figures to be approximately 240 mi.’ 

The major source of air pollution in Los Angeles County 
is the incomplete combustion of over 50,000 tons of or- 
ganic materials and fuels each day by the general public 
and industry. This combustion pours over 1,000,000 tons 
of contaminated gas every day into the atmosphere, con- 
taining more than 2,600 tons of organic materials, alde- 
hydes, ammonia, and oxides of nitrogen and sulfur™). In 
addition to the organics and other materials put into the 
air by combustion processes, an amount estimated at 440 
tons of hydrocarbons is evaporated into the air each day. 
Approximately 220 tons of this come from the production, 
manufacture, and distribution of petroleum products. The 
other 220 tons come from the evaporation of gasoline from 
service stations and autos"). 

The Committee on Smoke and Fumes of the Western 
Oil and Gas Association completed in March 1954 a sur- 
vey of losses from petroleum-handling operations and 
automobiles. These figures are shown in Table I. 

Of the more than 3,000 tons of organic contaminants 
emitted to the Los Angeles atmosphere each day by all 
sources’®), 1456 tons, or about 50°, are hydrocarbons 
which arise from the producing, refining, marketing, and 
automotive usage of petroleum. Of these 1456 tons of 
hydrocarbons, 1016 tons, or 70°, are the products of 
automobile exhaust. Automobile exhaust therefore con- 
tributes one-third of the total organic contamination of 
3,000 tons each. day, and is the largest single source of 


( 3) Cadle, Richard D., and Johnston, Harold S., “Chemical Reactions 
in Los Angeles Smog,” Proceedings Second National Air Pollution 
Symposium, pp. 28-34, Stanford Research Institute, Stanford, 
Calif., 1952. 

Stanford Research Institute, “The Smog Problem in Los Angeles 
County,” p. 29, Western Oil and Gas Assoc., Los Angeles, Calif., 
1954. ae ; 

Larson, G. P., Fisher, G. I., and Hamming, W. J., “Evaluating 
Sources of Air Pollution,” Jnd. Eng. Chem. 45, 1070 (1953). 
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TABLE I ‘ 
Hydrocarbon Emissions to the Atmosphere from the Producing, 
Refining, Marketing, and Automotive Usage of Petroleum Products 
in Los Angeles County 


Total 
Hydrocarbons 





Olefins, Amylenes 
and Heavier 





Source of Hydrocarbons 
Tons 
per day 


Tons 


per day Percent 


Percent 








Hydrocarbons from produc- 
tion, refining, marketing 224 15.4 12 3.6 
Service station operation 52 3.6 6 1.8 
Evaporation from automobile 
tanks and carburetors 164 11.0 20 6.1 


Automobile exhaust 1,016 70.0 88.5 





Total 














1,456 100.0 330 100.0 





hydrocarbon pollutants to the Los Angeles atmosphere 

and also the most effective distribution system. 

The importance of hydrocarbons in the atmosphere is 
related to the strong oxidizing effect of Los Angeles smog. 
It is reported by Haagen-Smit, Shepherd and others‘*®) 
that unsaturated hydrocarbons (olefins), especially those 
containing 5, 6, and 7 carbon atoms, can react with nitro- 
gen oxides or ozone in sunlight to produce substances caus- 
ing characteristic effects of smog. These products are 
considered to be ozonized hydrocarbons or peroxides. As 
is shown in Table I, automobile exhaust contributes 88°% 
of the olefins found in the Los Angeles atmosphere. 

In addition, Haagen-Smit has recently shown® that 
the automobile exhaust gases are capable of forming ozone 
in the air at concentrations in the same order as those 
measured in the Los Angeles atmosphere. 

Thirty-seven percent of the nitrogen oxides in the 
air are emitted to the atmosphere from automobile ex- 
haust“), making this one of the major contributors of 
oxides of nitrogen to the atmosphere. 

The amounts of hydrocarbons and nitrogen oxides dis- 
charged in automobile exhaust gases daily in Los Angeles 
County would result in concentrations of 0.25 ppm. hydro- 
carbons and 0.06 ppm. nitrogen oxides in the 240 mi.3 of 
polluted air. These values may be compared with 0-3 
ppm. hydrocarbons and 0.2-0.4 ppm. of nitrogen oxides 
measured under conditions of intense smog). 

The range of measured concentrations of hydrocarbons 
and nitrogen oxides in the Los Angeles atmosphere demon- 
strates the variability of smog. It is of interest that the 
( 5) See footnote 5, page 71. 

( 6) Shepherd, Martin, Rock, S. M., Howard, Royce, and Stormes, 
John, “Isolation, Identification, and Estimation of Gaseous Pol- 
lutants of Air,” Anal. Chem., 23, 1431-40 (1951). 
Haagen-Smit, A. J., Darley, Ellis F., Zaitlin, Milton, Hull, Her- 
bert, and Noble, Wilfred, “Investigation on Injury to Plants from 
Air Pollution in the Los Angeles Area,” Plant Physiology 27, 
18-34 (1952). 

Haagen-Smit, A. J., “The Air Pollution Problem in Los Angeles,” 


oe and Science (Calif. Inst. Tech.) /4, 7-13 (December 
Haagen-Smit, A. J., “Chemistry and Physiology of Los Angeles 
Smog,” Ind. Eng. Chem. 44, 1342-46 (1952). 

Haagen-Smit, A. J., and Fox, M. M., “Photochemical Ozone For- 
mation with Hydrocarbons and Automobile Exhaust,” Air Repair 
4, 105 (November 1954). 
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calculated concentrations of the same constituents con- 
tributed by automobile exhaust are in reasonable agree- 
ment with the measured values. The estimated concentra- 
tions assume complete mixing of the exhaust gases in the 
240 mi.? of air. The maximum reported concentration 
of hydrocarbons is 12 times the calculated average and 
the maximum reported concentration of nitrogen oxides 
is 6.7 times the calculated average. 

It therefore appears that automobile exhaust gases are 
a substantial source of the hydrocarbons and nitrogen 
oxides present in the atmosphere during the intense smogs, 

As part of the continuing study on the Los Angeles 
smog problem by Stanford Research Institute, mass spec- 
trometer analyses have been made to estimate the nature 
and amounts of hydrocarbons exhausted by passenger 
cars into the Los Angeles County atmosphere. The ulti- 
mate objective of these investigations was to arrive at an 
estimate of the amount of hydrocarbons released into the 
Los Angeles atmosphere by gasoline-burning vehicles. 

Five pre-war and 5 post-war automobiles were used, 
and were chosen at random without regard to the me- 
chanical condition of the motor. The makes of the auto- 
mobiles and their ages were selected as typical of the 
automobile population, according to the passenger car 
count compiled by the Department of Motor Vehicles of 
the State of California. A rough indication of the me- 
chanical condition of the cars was obtained by measuring 
the air-to-fuel ratio, the intake manifold vacuum under 


idling conditions, and the cylinder pressure. The mechan-| 


ical condition of the group of cars selected was believed 
to be roughly representative of the cars on the highway. 
Regular-grade, premium-grade, and straight-run gaso- 
lines were used. The straight-run was especially prepared 
and contained no unsaturated hydrocarbons. Runs were 
also made on composite samples prepared from regular 
and from premium-grade gasolines produced by 6 major 
petroleum companies in the Los Angeles area. 


Four driving conditions were considered typical of an 
automobile operating either in Los Angeles city or sub- 
urban traffic: 

Acceleration (full throttle ) 
Steady driving 
Deceleration 30 to 10 mph. 
Idling Normal idle 

From inspection of the traffic patterns in the city and 
in the country, a traffic density of about 30,000 or greater 
on a 16 hr./day basis seemed representative of suburban 
areas. It was assumed that one-half of the total gaso- 
line was consumed in city driving, and the other half in 
suburban driving. These densities were arrived at after 
a study of the traffic counts made annually for Los An- 
geles County by the Highway Department of the State 
of California. The division of gasoline consumption was 
arrived at by numerous visual inspections of the trafhic 
density and discussions with informed traffic engineers. 

A route was selected in the county as being repre- 


10 to 30 mph. 
30 mph. 
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Fig 1. Apparatus used for automobile ex- 
haust ampling. 


sentative of city and suburban traffic patterns. The 
amo: nt of gasoline consumed in each of the traffic pat- 
terns and under the 4 driving conditions was determined 
whil: the vehicle was in operation in the selected traffic 
rout.s. A recording tachometer measured the car speed 
and rhe distance traveled. 

As the automobiles were operating under the 4 driving 
conditions, exhaust samples for analysis by the mass spec- 
trometer were collected by use of an apparatus mounted 
in a trailer drawn by the test vehicle. A diagrammatic 
sketch of the apparatus is shown in Fig. 1. 

The automobile exhaust was conducted to the trailer 
in a double tube to guard against condensation of water. 
The sample was taken from the inner tube in a 250-ml 
sample bottle which had previously been evacuated, by 
raising the pressure in the bottle from 1 to 100 mm. mer- 
cury with the exhaust gas. 

Twenty to forty samples of exhaust emitted during 
each driving condition were collected and analyzed to 
obtain a measure of the variation of results and to per- 
mit statistical estimation of the precision. 

All samples were analyzed by the Consolidated Engi- 
neering Corporation, Pasadena, California, with a mass 
spectrometer within one to three hours after being col- 
lected. A detailed discussion of these analyses is pre- 
sented in a Stanford Research Institute Report"!!’. It has 
been estimated by the Consolidated Engineering Corpora- 
tion that the precision of the analyses is + 0.1 mol. 
percent for inorganic gases and + 0.01 percent for vola- 
tile hydrocarbons. Statistical analysis of the data con- 
firmed this estimate. 

Exhaust sample data for test cars using regular, pre- 
mium, saturated, and composite gasolines are shown in 


(11) Magill, Paul L., Hutchison, Dale H., and Stormes, John M., 
“Hydrocarbon Constituents of Automobile Exhaust Gases,” Pro- 
ceedings Second National Air Pollution Symposiym, pp. 70-83, 
Stanford Research Institute, Stanford, Calif., 1952. 
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Fig. 2. It is noteworthy that both saturated and unsat- . 
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Fig. 2. Average exhaust analyses for different gasolines. 


urated gasolines produced almost identical amounts of 
C., C,, and C, + olefins in the exhaust gases. In fact, 
the olefin content was approximately the same for all 
grades of gasoline used, including the blends of 6 of the 
leading gasoline producers in the area. 

The average exhaust composition for all components 
analyzed by the mass spectrometer for each of the 4 
driving conditions is shown in Fig. 3. Of interest is the 
result that the concentrations of methane and acetylene 
produced under idling conditions are greater than those 
obtained under conditions of acceleration, steady driving, 
or deceleration. Ethane and ethene do not fall into this 
pattern. 

Using the data that have been obtained and certain 
simplifying assumptions, it is possible to obtain an esti- 
mate of the amount of hydrocarbon vapors released daily 
into the Los Angeles atmosphere by approximately 
2,000,000 cars‘) burning 12,000 tons (4,000,000 gallons) 


( 5) See footnote 5, page 71. 
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Fig. 3. Average exhaust analyses. 
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TABLE II : 
Tons of C, to C, Hydrocarbons Discharged Daily 
from Automobile Exhaust 





Routes Tested 





Figueroa St. . 22 Congress 

Sunset Blvd. aanpyiaren St. to Arroyo 

to Florence Seco Pkwy to 
Ave. and Adobe St. 
Return and Return 


Hydrocarbon 
Discharged 


from Sunland 
to U.S. 
Highway 6 





Methane 54 55 
Ethane 166 165 
Acetylene 36 37 
Ethene 124 127 
C; — C; paraffins 62 68 
C; olefins 39 43 
Co. + paraffins 73 
Cz olefins 58 64 
C; + olefins 68 73 
Benzene 114 114 
Other aromatics 16 17 





Total 704 736 
(1000) (700) (730) 

















of gasoline. It was assumed that the results were repre- 
sentative of the Los Angeles automobile population during 
the test period (1951-52), that half of the gasoline was 
consumed in city driving and half in suburban driving, 
and that each car produced 1,000 ft.* of dry exhaust 
gas/gallon of fuel burned. 

Using these assumptions, the total hydrocarbons 
emitted to the atmosphere from automobile exhaust were 
calculated. The tons of exhaust products emitted daily 
under the 4 driving conditions are tabulated in a pre- 
viously published Stanford Research Institute Report‘). 
This tabulation shows that over the range of driving con- 
ditions encountered in city traffic, there is a loss of 
hydrocarbons out of the exhaust ranging from 5% of the 
weight of fuel entering the carburetor under conditions 
of steady driving to 19°% during periods of deceleration. 

Table II shows the estimated amount of C, to C, 
+ hydrocarbons discharged daily from automobile ex- 
hausts. 

If all driving had been done exclusively on one of the 
three different patterns (Figueroa Street, Foothill Boule- 


(11) See footnote 11, page 73. 
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vard, and Arroyo Seco Parkway) the emissions would 
then correspond to 1,000 tons, 700 tons, and 730 tons 
respectively. 

It was determined that 700 tons/day represents the 
minimum daily emission of hydrocarbons into the Los 
Angeles atmosphere from the automobile exhaust in 195], 
The increased gasoline consumption for 1953 indicates 
that the daily emission would exceed 1,000 tons. 

The frequency of smog and the severity of its effects 
have increased markedly during recent years in Los An- 
geles County, and it is interesting to consider the manner 


in which this trend follows the increase in gasoline con- | 


sumption in the county. An effect of smog which has 
become more extensive and more pronounced each \ ear 
is injury to vegetable crops and other herbaceous pla its. 
According to Middleton”), injury to vegetable lez ves 
was first noted in 1944. 


Most of the types of injury observed in the Los \n- | 
geles area were duplicated by laboratory fumigations '), J 


Typical smog injury was obtained by fumigating plants 
either with the reaction products of ozone and unsaturated 


hydrocarbons, or ozone and automobile exhaust, wen } 
the reagents were mixed in high concentration and the f 


products diluted to low concentrations. No other fum- 
gant was found which would produce this type of injury. 


In Fig. 4 is shown the number of automobile registra- | 


tions for the State of California from 1935 to 1953'14), 


Thirty-five to 40% of the registrations were in Los An- | 
geles County during this period. Although the county} 
had an increase of 400,000 registrations between 1935 and | 
1944, there were 1,000,000 additional registrations from } 


1944 to 1953. 


The gasoline consumption for California from 1935 | 


through 1953 is shown in Fig. 5. Consumption data 
for Los Angeles County for the same time period are not 
(Continued on page 118) 


(12) Middleton, John T., Kendrick, J. B. Jr., and Schwalm, H. W., 
“Injury to Herbaceous Plants by Smog or Air Pollution,” P/ant 
Disease Reporter 34, 245-52 (1950). 

(13) Stanford Research Institute, “The Smog Problem in Los Angeles 
County,” p. 64, Western Oil and Gas Association, Los Angeles, 
Calif., 1954. 

(14) McCoy, G. T., “Annual Traffic Count,’ Calif. State Printing 
Office, Sacramento, Calif., 1951. 
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Fig. 5. Yearly consumption of gasoline, State of California. 
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Application of Infrared Spectroscopy to Exhaust 
Gas Analysis* 


S. B. Twiss, D. M. Teacur, J. W. Bozex, ann M. V. Sink 
Chrysler Corporation, Engineering Division 
Detroit, Michigan 


At the recent Third National Air Pollution Symposium 
in Pisadena, California, it was pointed out that smog 
and ‘he related factors of plant damage and eye irritation 
are 1 ot exclusive products of Los Angeles County. Such 
sym; toms have appeared around other large cities such 
as Sin Francisco, New York, Philadelphia, Baltimore, and 
Lon on. Therefore, the problem of smog is of general 
inter st. 

Di spite the parallel which has been pointed out be- 
twee: the appearance of plant damage and rising levels 
of gasoline consumption, the relation between automobile 
exha ist and smog has not been clearly defined. As stated 
by James C. Zeder at the Pasadena conference, members 
of the AMA Vehicle Combustion Products Subcommittee 
have been unable to establish to what extent, if any, re- 
duction of hydrocarbon emissions from automobile ex- 
haust would reduce smog. In spite of this, it was decided 
that a program for developing means of hydrocarbon 
reduction should be a main object of industry attention. 

Reduction of exhaust gas hydrocarbons might be made 
in 2 ways: (1) by control of the engine variables which 
affect efficiency of operation, and (2) by mechanical im- 
provements in present engines. The first item is concerned 
with the effect of fuel-air ratio, manifold pressure, spark 
timing, and good engine maintenance on hydrocarbon 
emission. Of course, in actual testing, the effect of these 
variables must be determined for the 4 representative 
operating conditions of acceleration, deceleration, road 
load and idle. With this knowledge, criteria could be set 
up for engine tune-ups, which should have a considerable 
effect in reducing hydrocarbon emission. 

The second item above is concerned with devices to be 
incorporated in engines to improve combustion or reduce 
hydrocarbon loss. These might be devices for fuel cut-off 
during deceleration, air valves to maintain manifold 
vacuum below a specified maximum, or swirl devices to 
improve homogeneity of the charge. For all this type 
of work, an absolute necessity is a rapid, accurate method 
for analyzing exhaust gases, and in particular, the per 
cent of unburned fuel. 

In addition to the vehicle manufacturers, several other 
groups are concerned with methods of exhaust gas 
analysis: the Air Pollution Control District in Los 


Angeles, the various research institutes who now have - 


contracts to work on various phases of this air pollution 


"Presented at the 48th Annual Meeting of the Air Pollution Control 
Association, Detroit, Michigan, May 22-26, 1955. 
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problem, and the Field Survey Panel of the AMA Sub- 
committee on Vehicle Combustion Products. Most of 
these groups, as well as the vehicle manufacturers, desire 
portable, continuous-exhaust analyzers which are also 
rapid to operate and accurate. 

Now, many methods of exhaust analysis have been 
developed, and a few are widely used. The traditional 
Orsat analysis, although lacking somewhat in accuracy, 
is fairly rapid, and the instrument is inexpensive. Various 
types of combustion methods have been evolved, specific- 
ally for analyzing hydrocarbons. A gravimetric method 
for trapping out condensible materials in exhaust, exclud- 
ing water and carbon dioxide, has been developed. The 
method giving the greatest amount of information on 
exhaust gas composition is the mass spectrometer. This 
instrument is a miracle of modern science, but it is expen- 
sive and definitely not portable. The one method that 
appears to offer most promise, at this time, is infrared 
analysis. Infrared spectrometers are moderately priced, 
rapid and accurate. They do not give as much detailed 
information on specific hydrocarbons as the mass spec- 
trometer. Certain types of infrared analyzers offer the 
possibility of continuous analysis on a portable instru- 
ment which could be mounted in an automobile. For 
these reasons, the technique developed for exhaust gas 
analysis at Chrysler Corporation has been infrared 
analysis. 

Principles of Infrared Absorption 


Infrared spectroscopy offers a direct identification of 
many common atomic groups which occur in chemical 
compounds. With the infrared spectrometer, qualitative 
and quantitative determinations may be be made that 
previously were possible only by involved chemical 
methods. Hence, it has achieved an established place in 
industrial chemistry and is a primary tool for analyzing 
organic compounds. 

Chemical compounds exhibit selective absorption in 
the infrared region of the spectrum, since the atoms of 
each molecule are capable of vibrating only with definite, 
characteristic frequencies. If a thin layer of a solid or 
liquid or a thicker layer of a gaseous material is irradiated 
with infrared light of all wavelengths, those wavelengths 
which correspond to the vibrational frequencies of its 
molecules are absorbed; light of all other wavelengths is 
transmitted. Since no 2 compounds have identical struc- 
tures or combinations of atomic groupings, the resulting 
transmission spectrum is characteristic of the material in 
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Fig. 1. Infrared spectrum of automotive exhaust. 


question. Matching such a fingerprint of an unidentified 
material against that of a known material permits identifi- 
cation of the unknown. 

Fig. 1 is a transmission spectrum of automotive ex- 
haust under 30 mph. road load conditions. You will note 
that the absorption intensity is plotted on the ordinate 
and wavelength in microns on the abscissa. You will also 
note in this spectrum that 4 compounds are present, iden- 
tified by the wavelengths of the absorption peaks: the 
carbon dioxide peaks around 2.7 and 4.3 w, the hydro- 
carbon peaks at 3.42 w, the carbon monoxide peaks at 4.6 
and 4.7 uw and the nitrogen dioxide peaks at 6.2 p. 

Since infrared spectral characteristics are largely re- 
tained on admixture, the characteristic absorption bands 
obtained by the use of an infrared spectrometer offer wide 
possibilities for quantitative analysis. The concentration 
of one component of a mixture may be quickly determined 
by measuring the absorption intensity of its characteristic 
bands. Referring again to Fig. 1, we see that at least 
4 compounds can be determined quantitatively, and with 
a different cell and method of operation a much larger 
number could be determined. The height of the absorb- 
ance peak is directly proportional to the concentration of 
that component in the exhaust gas mixture. 

In Fig. 2 we see the spectrum of exhaust for the accel- 
eration condition, which is very similar to the 30 mph. 
road load, except that the height of the carbon monoxide 
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Fig. 2. Infrared spectrum of automotive exhaust. 
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Fig. 3. Infrared spectrum of automotive exhaust. 


peaks is increased, indicating a higher concentratio: of 
this component. 

Fig. 3 shows the characteristic spectrum of the idle 
condition. Comparing this spectrum with the road ‘oad 
condition, it is apparent that the hydrocarbon and carbon 
monoxide peaks are increased, while the carbon dioxide 
peaks are slightly reduced. This indicates that under idle 
condition the combustion is less efficient, resulting in a 
higher content of carbon monoxide and unburned fue! in 
the exhaust. 

Fig. 4 shows an infrared spectrum of the deceleration 
condition. It is very apparent here that the hydrocarbon 
reaches a much higher value than in any of the other con- 
ditions. The carbon monoxide concentration is about the 
same as at idle, while the carbon dioxide concentration 
is somewhat lower. It has been observed by several in- 
vestigators that deceleration is the most serious condition 
from the viewpoint of hydrocarbon emission. We will 
show later a reason for this, and a method that appears 
to be effective in reducing the hydrocarbon emission dur- 
ing deceleration. 

Dispersion-Type Infrared Spectrometers 

In principle, the infrared method of analysis is quite 
simple, although in actual practice a precision instrument 
containing a number of components is required for suc- 
cessful operation. Fig. 5 is a diagram of the light path. 


The infrared rays from a globar source are reflected from 
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Fig. 4. Infrared spectrum of automotive exhaust. 
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Fig. 5. Diagram of single beam infrared spectrometer. 


2 mirrors and then passed through the sample. The radi- 
ation is focused on a slit, reflected from a mirror through 
the prism and then back-reflected from a rotating mirror. 
Use of the prism and rotating mirror makes it possible 
to split the infrared radiation into individual wavelengths 
and to progressively scan the wavelength region from 1 
to {5 yw. The monochromatic radiation thus produced 
is fii\ally converged by mirrors on a thermocouple detector. 
The amount of energy falling upon the thermocouple de- 
penis upon the degree of absorption of that particular 
wavelength by the compound being analyzed. When the 
absorption is low, the energy will be high, and vice versa. 
This energy is then amplified and recorded on a standard 
chart recorder giving a permanent record of the analysis. 
The spectra shown earlier were tracings of these chart 
recordings. 

Fig. 6 shows the infrared spectrometer set up in our 


laboratory, including the one meter gas cell used for ex- 
haust analysis in the sample holder. A second gas cell is 
being evacuated preparatory to taking a hydrocarbon 


sample for analysis. The total time involved in making 
an analysis of exhaust gas is about 15 min. An additional 
15 min. is required for calculation of the concentration 
of the 4 components shown in the earlier spectra. The 
dispersion-type instrument is quite versatile and capable 
of analyzing any type of organic compound. Its chief 
disadvantage from the viewpoint of exhaust gas analysis 
lies in the fact that it is not easily portable. 
Non-Dispersion Infrared Analyzer 

A different type of infrared analyzer is the non- 
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Fig. 7. 


Diagram of non-dispersive infrared 
analyzer. 


dispersion type of instrument, where the infrared radiation 
is not split up by a prism and rotating mirror into sepa- 
rate wavelengths. Rather, 2 infrared sources are involved 
and the instrument sensitized for absorption of a specific 
compound or atomic grouping so that quantitative 
analyses can be made. Fig. 7 shows a schematic diagram 
of the non-dispersive gas analyzer. The analysis is made 
by passing the exhaust gas through the right-hand cell. 
The compensating cell, in parallel with the sample cell, 
contains air and serves as a blank. Two sensitized cells 
(shown in the bottom of Fig. 7) are placed in series with 
the parallel sample and blank cells. These sensitized cells 
contain the compound which is being determined; in the 
present case, a representative hydrocarbon. 


Infrared radiation passes down through both cells. 
Since there is no hydrocarbon in the blank cell, this in- 
frared radiation is absorbed by the sensitized cell at the 
characteristic wavelength of hydrocarbons (chiefly 3.42 
ft). This absorption of energy heats the gas in the left- 
hand portion of the sensitizing cell. Similar infrared radi- 
ation passes through the sample cell, but is partially 
absorbed by the gasoline-type hydrocarbons in the ex- 
haust. The percentage of absorption depends on the con- 
centration of hydrocarbons in the exhaust gas. The 
infrared radiation which is not absorbed by the hydro- 
carbons in the exhaust sample is subsequently absorbed 
by the hydrocarbon in the sensitizing cell. Since the 
amount of radiation remaining to be absorbed is less, the 
amount of heat produced in the sensitizing cell on the 
right is less. A diaphragm between the sensitizing cells 
forms one side of a condenser. Differential heating of the 
sensitizing gas produces a deflection of the diaphragm, 
changing the condenser capacity. After suitable amplifi- 
cation, the change is indicated on a meter or a strip chart 
recorder. 


By this means, it is possible to make an integrated 
measurement of the hydrocarbons present in an exhaust 
gas sample. The saturated, isomeric hydrocarbons of C, 
and above have a very similar absorption per unit weight, 
irrespective of molecular structure. The instrument must, 
of course, be calibrated with a hydrocarbon or hydro- 


Fig. 6. Exhaust analyses using infrared spec- 
trometer and gas cell. 


Fig. 8. Portable infrared analyzer. > 
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carbon mixture characteristic of hydrocarbons present in 
the exhaust gas sample. Although heptane or gasoline 
are used at present for calibration, future work involves 
the use of hydrocarbons extracted from exhaust. 

The equipment proper is much simpler than the dis- 
persion-type spectrophotometer, as shown in Fig. 8. The 
upper section of this figure shows the rectangular box, 
housing the infrared source, parallel sample cells and sen- 
sitizing cells, and the separate container housing the am- 
plifier and meter. In the lower portion of this figure is 
shown the analyzer with the cells exposed. It is readily 
seen that this is portable equipment capable of being in- 
stalled either in a dynamometer laboratory or in road test 
cars. Two additional units are required for portable oper- 
ation in a test car: (1) a 110 v. power supply of fairly 
constant frequency and (2) a strip chart recorder, such 
as the Esterline-Angus clock-wound type. The recorder 
may be eliminated if desired, since the amplifier is pro- 
vided with a meter which can be read and results manu- 
ally recorded. 


Infrared Determination of Hydrocarbon 
in Automotive Exhaust 
Analysis of Gas Samples 

This method is intended primarily for the measurement 
of unburned hydrocarbon in automotive exhaust, but is 
also suitable for the determination of carbon dioxide, car- 
bon monoxide, and nitrogen dioxide. Only a fraction of 
the lowest hydrocarbons (methane and ethane) will be 
measured because of the reduced infrared response to 
these hydrocarbons. However, the content of C, and 
higher hydrocarbons should provide a satisfactory weight 
measurement of unburned fuel in the exhaust. 

The sampling procedure involves drawing a sample of 
exhaust through a heated stainless steel sampling line and 
absorption tube containing Drierite into an evacuated 
infrared cell or sample container. The sample container 
is filled to approximately atmospheric pressure. Quanti- 
tative absorption measurements are obtained at 3.42 wu for 
the total hydrocarbon content. 

The sampling line is shown in Fig. 9. This line should 
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Fig. 10. Infrared calibration for hydrocarbons. 


be as short as possible and heated to about 150° F. to 
prevent condensation of water and the higher hydro- 
carbons. The temperature of the exhaust gas is measured 
with a thermocouple located at B in the gas stream. ‘lhe 
needle valve at C controls the exhaust sample flow. ‘lhe 
sample line is connected to a drying tube containing 
Drierite for the absorption of water. The Drierite absorp- 
tion bulb is also maintained at 150° F. to minimize 
hydrocarbon absorption. Measurements indicate that 
hydrocarbon absorption by Drierite is relatively small at 
such a temperature, averaging about 9.5%. 

Prior to taking a sample, the exhaust gas is bled through 
the opening at EF to the atmosphere while valve F is 
closed. The sampling cell, or bottle, and drying tube are 
evacuated through K to a pressure of about 1 mm. Hg. 
Valve K is closed. The valve to the atmosphere at £ 
is closed and valve F opened. The exhaust gas sample 
flows through the drying tube into the sample cell, reach- 
ing equilibrium pressure in about 10 to 30 sec. Needle 
valve L has been previously adjusted to provide the 
proper rate of flow. Valve L is then closed and the cell 
disconnected from the sample line. When a one-meter- 
length infrared cell is used directly, % to 1 atmosphere 
pressure has been found adequate. If a sample bottle is 
used, the sample should always be obtained at full ex- 
haust pressure and transferred by connecting to an evac- 
uated infrared gas cell. 


After the sample in the infrared gas cell has reached 
room temperature, its pressure is measured accurately 
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with a manometer. Dry nitrogen is added to the cell to 
bring the final pressure up to 760 mm. Hg. The infrared 
spectrum in the wavelength region from 2.5 to 6.5 pw is 
then prepared. This should be completed within 15 to 30 
min. from the time of sampling to minimize changes in 
the exhaust sample. 


The hydrocarbon absorbance is measured at approxi 
mately 3.42 w wavelength. This provides a value for C, 
and higher hydrocarbons, and is preferably based on a 
calibration with the original gasoline which is used as the 
fuel. 
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In Fig. 10 is shown an infrared calibration for the hydro- 
carbons, gasoline, n-heptane and methane. It should be 
noted that although the molecular weight of heptane 
corresponds very closely to the average molecular weight 
of gasoline, the infrared response of gasoline is lower than 
that of n-heptane. This is due to the presence of aro- 
matic and unsaturated hydrocarbons in gasoline, whose 
molecular structures absorb at wavelengths other than 
3.42 w characteristic of paraffinic hydrocarbons. An ex- 


ceptional case of reduced response is shown in the methane ~ 


curve, whose absorbance is very much lower than that of 
gasoline or n-heptane. It would be desirable to obtain a 
calibration on hydrocarbons condensed from the exhaust, 
since this would correspond most closely with the desired 
products. It is believed, however, that at least under idle 
and deceleration conditions the composition of exhaust 
hydrocarbons is similar to that of the original gasoline 
used as fuel. 

The calibration curve for gasoline, in Fig. 10, was 
obtained by assuming an average molecular weight of 100. 
This is the same molecular weight as heptane, and is on 
the low side of the average molecular weight of U.S. gaso- 
line, which ranges from 100 to 110. 

The carbon dioxide absorbance is measured at 2.67 p, 
the carbon monoxide absorbance at 4.60 yp, and the nitro- 
gen dioxide absorbance at 6.15 uw. With these light gases, 
such as carbon monoxide, carbon dioxide, nitrogen oxides, 
methane and ethane, it is particularly important that 
the total pressure in the infrared cell be constant, prefer- 
ably atmospheric, during absorption measurement. The 
reason for this is shown in Fig. 11. This demonstrates 
“pressure broadening” in the carbon monoxide spectrum. 
Although the same partial pressure of carbon monoxide is 
present when the total pressure is low (2.4 cm. Hg.) the 
absorbance by carbon monoxide is much less than if the 
total pressure is brought to atmospheric by the addition of 
nitrogen. Such gases as nitrogen and oxygen have no 
absorption in the infrared region, so the effect here is 
one of increasing the response of carbon monoxide to in- 
frared radiation simply by an increase in the total 
pressure. 

For improved accuracy, a blank spectrum is obtained 
with nitrogen only in the cell. These blank values are 
subtracted from the observed sample values at each speci- 
fied wavelength. The net absorbance for each compound 
is converted to mole per cent, or parts per million, using 
prepared calibration curves. These results are on the 
“dry gas” basis since moisture is removed from the sample. 
The hydrocarbon calibration curve is increased 9.5°%, to 
correct for this loss in the Drierite bulb. 

AKO) — parts per million (ppm. ) 
where A is the net absorbance of the compound analyzed 
K is the factor relating absorbance to parts per 
million (read from calibration curve) 
P is the original pressure of sample in the infrared 
cell, in mm. Hg. 
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To convert results to mole per cent, divide parts 
per million by 10,000. 
Other Procedures for Sample Analysis 

Instead of collecting the exhaust sample in the form 
of a gas and analyzing as a gas, other procedures may be 
used. Paul P. Mader and co-workers of the Los Angeles 
County Air Pollution Control District’) have used a 
freezeout method for collecting hydrocarbons in the Los 
Angeles atmosphere. A similar method has been used for 
collecting exhaust samples. The method consists essen- 
tially in passing a measured volume of atmosphere or ex- 
haust gas through a freeze-out assembly, such as a Shep- 
herd trap immersed in a Dewar flask filled with liquid 
oxygen. A tube filled with Ascarite for the removal of 
water vapor, carbon dioxide, aldehydes, ketones, and or- 
ganic acids is inserted in the sample line ahead of the 
freeze-out trap. The hydrocarbon components of the gas 
stream are reported not to be retained by the Ascarite 
trap. 

The sample contained in the freeze-out assembly is then 
transferred to an evacuated infrared cell by warming the 
trap and allowing the vapors to flow from the sampler 
into the gas cell. After all condensate has vaporized, the 
sampler is repeatedly filled with nitrogen and emptied 
into the infrared cell until atmospheric pressure in the 
cell is reached. Finally, the gas cell containing the hydro- 
carbon sample is scanned in the 3.0-4.0 w region of the 
spectra. The per cent transmittance of the sample is 
measured at the 3.45 uw absorption peak for hydrocarbons. 
n-heptane-air mixtures were used for a quantitative cali- 
bration. 

Another method which might be used for infrared iden- 
tification of hydrocarbons involves the selective adsorp- 
tion of the hydrocarbons in exhaust on a suitable ad- 
sorbant. The hydrocarbons are transferred to the gas cell 
(1) Mader, P. P., Heddon, M. W,, Lofberg. R. T., and Koehler, R. H., 


“Determination of Small Amounts of Hydrocarbons in the Atmos- 
phere,” Anal. Chem. 24, 1899-1902 (1952). 


TABLE I 
Exhaust Composition at Various Car Operating Conditions 
(Based on Dry Gas) 
Commercial Premium Grade Fuel 

















Plymouth Carbon Carbon | Hydro- % Fuel 
6-Cylinder, 1954 iain Monoxide carbon | Riehnnail 
%, 7 ppm. (vol.) 
30 mph. road load 9.03 43 | 190 | 94 
Acceleration 6.32 b25:- | 171 | 69 
Idle 5.65 8.70 | 751 3.48 
Deceleration 4.55 5.20 | 4420 16.9 
| 5.00 5.45 2510 9.7 
Dodge 
V-8, 1955 
30 mph. road load 16.1 1.87 158 80 
Acceleration 16.0 3.77 163 0.79 
Idle 8.9 10.9 785 3.24 
Deceleration 7.43 | 4.32 | 5020 20.2 
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by heating the adsorbant to drive them off, starting with’ city and highway driving, and show that the highest per 
low temperatures and going to progressively higher tem- emission of hydrocarbon occurs during deceleration. Fuel @ frar: 
peratures. loss through the exhaust can vary appreciably during @ is v: 
Application of Dispersion Type Instrument deceleration, depending on the time of sampling, as cvi- BP 
An extensive number of exhaust gas analyses have denced by the values shown for the Plymouth engine. fuel 
been made by the first method outlined in detail above, Nearly all of the above results were obtained on an engine mat 
using one-meter gas cells and a Perkin-Elmer, Model dynamometer, where the operating conditions for norinal duc: 
12-C, spectrometer. Each sample was analyzed for: C, driving were carefully simulated. B engi 
and higher hydrocarbons, carbon dioxide, carbon mon- In order to gain a clearer idea of the reasons for the @ hav: 
oxide, and nitrogen dioxide, for which the approximate variations in composition, a more detailed study was made @ ing 11 
level only was noted. The reproducibility of measure- of the effect of engine manifold vacuum on exhaust gas @ Whe: 
ment on successive samples was good with respect to composition, again using an engine dynamometer. Table @ of fr 
total hydrocarbon and carbon monoxide, the average de- II presents results on the relationship. In all of these Its d 
viation being about + 3%. The deviation in carbon tests, actual car operating conditions and a road speed @ ture 
dioxide measurement was slightly greater. of 30 mph. were simulated. Fig. 12 illustrates the engine 4 norm 
Table I presents results for 4 representative car operating dynamometer assembly for obtaining exhaust samples. whic! 
conditions, with 2 different engines. Exhaust hydrocarbon It is apparent from these results that the fuel is burned @ ing 1 
results are based on the infrared calibration with gasoline. most completely at an intermediate manifold vacuum @ of u: 
An examination of the data clearly indicates that both (intermediate engine load). With an engine properly ad- @ accor 
engines are quite efficient at road load and acceleration justed for maximum efficiency, as in these tests, only In 
operation, burning about 99°, of the fuel. At idling con- about 1% of the fuel is lost. However, the amount of un- @ meas 
ditions, however, a somewhat larger percentage of fuel burned fuel increases rapidly as the manifold vacuum 
is unburned, while during deceleration 10 to 20% of the rises above 22 in. Hg., characteristic of deceleration. (2) Re 
original fuel hydrocarbon is emitted. These 4 operating Similarly, carbon monoxide content is relatively high 7 
conditions were selected as being representative of normal at maximum acceleration, falls to a minimum at inter- : 
TABLE II f 
Engine Manifold Vacuum vs. Exhaust Analysis—(Based on Dry Gas) E 
Dodge V-8 Engine, PowerFlite Transmission Pan 
Commercial Premium Grade Fuel ; 
Operating Manifold Vacuum | Fuel-Air Carbon Dioxide | Carbon Monoxide | — Hydrocarbon, % Fuel : 
Condition In. Hg. | Ratio ys ppm. (vol.) Unburned . 10 
0829 | 265 | 1.06 os 
Acceleration 0777 ; 167 .70 & 
0575 16.7 | . 159 | a <a 
0651 15.9 | 4 160 80 . 
Road Load 0653 17.3 i. 155 | .78 : 
0692 16.3 213 | 1.00 
0735 13.7 313 | 1.50 
Deceleration 22.05 (b) .0800 1960 8.08 
22.95 (b) .0816 5020 20.2 
(b) Engine misfiring. 
AUGUST 1955 JOURNAL #& of AP 





mediate road load conditions, and rises again at decel- 
eration. The carbon dioxide content rises correspondingly 
as carbon monoxide decreases: the relationship between 
the two is largely a function of the fuel-air ratio, carbon 
monoxide increasing with richer mixtures. At the highest 
manifold vacuum, where combustion is relatively incom- 
plete, both carbon monoxide and carbon dioxide decrease. 

According to the infrared spectra, nitrogen dioxide is 
prescit in relatively large amounts at intermediate engine 
man'‘old vacuums but decreases to zero at very low and 
very high vacuums. 

Tle relationship between engine manifold vacuum and 
unburned fuel is shown graphically in Fig. 13. Here the 
resu''s of infrared measurement of C, and higher hydro- 
carb.ns are compared with exhaust hydrocarbon analyses 
mad with a mass spectrometer’). Both are calculated as 
per ent of fuel not burned; the correspondence of in- 
frar. | values with the detailed mass spectrometer values 
is vi y good, 

Poor combustion and a high percentage of unburned 
fuel 1n the exhaust is the direct consequence of a high 
manifold vacuum. The high manifold vacuum is pro- 
duccd during deceleration by the car inertia, driving the 
engine aS a vacuum pump. More detailed observations 
have shown that there is a residue of burned gases remain- 
ing in the cylinder when each exhaust cycle is completed. 
When operating at a high manifold vacuum, the amount 
of fresh gasoline and air drawn in is less than normal. 
Its dilution by the unexhausted residue produces a mix- 
ture which burns more slowly and incompletely than 
normal. Because of this condition, a method is sought 
which will prevent engine manifold vacuum from exceed- 
ing the value (about 21 in. Hg.) at which the amount 
of unburned fuel increases rapidly. Various means of 
accomplishing this are now being studied and evaluated. 

In addition to the detailed engine dynamometer studies, 
measurements were made of exhaust composition during 


Rounds, F. G., Bennett, P. A., and Nebel, G. J., “Some Effects of 
Engine Fuel Variables on Exhaust-Gas Hydrocarbon Content,” 
J. Air Poll. Control Assoc., 5, this issue (August 1955). 
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Fig. 13. Effect of manifold vacuum on exhaust analyses. 


the operation of test cars on the road. These results were 
obtained specifically in connection with the evaluation 
of engine devices, installed for the purpose of reducing 
the unburned fuel during deceleration. Since in driving, 
conditions of deceleration are relatively transient, it was 
necessary to sample at carefully timed periods of very 
short duration. This was accomplished as follows: 


A heated sampling line was attached to the engine mani- 
fold and carried directly back into the front passenger 
compartment. Here a series of electrically actuated sole- 
noid valves were attached which made it possible to bleed 
exhaust gas through the line to the atmosphere. At a speci- 
fied time, the exhaust gas was shut off to the atmosphere 
and conducted to a previously evacuated sample cell. The 
arrangement for taking the sample in an infrared cell is 
illustrated in Fig. 14. The Drierite bulb and infrared cell 
may be seen; the sampling line is quite similar to the 
one previously described for engine dynamometer 
measurements. 

In order to fill the 1-l. infrared cell, the deceleration 
cycle was repeated several times, always from an initial 
speed of 30 mph. Each cycle, the sample line was opened 
for exactly 1 sec. duration, beginning at a specified time 
interval after the driver’s foot was lifted from the throttle. 
Fig. 15 illustrates a portion of the automatic timing appa- 
ratus installed in a test automobile. By taking samples 
representing various delay intervals after the start of 
deceleration, a complete picture was constructed of ex- 
haust composition during the entire deceleration period. 

Using this technique of “grab” sampling to study tran- 
sient conditions, the effectiveness of a throttle control 
device was evaluated, as may be seen in Fig. 16. When 
no control device is present, the amount of hydrocarbon 
rises rapidly to a very high level after the onset of decel- 
eration. The exhaust hydrocarbon concentration reaches 
6000 ppm., corresponding to more than 20°, unburned 
fuel, within 1% sec. Simultaneous records of the engine 
manifold vacuum showed an identical steep rise and fall, 
after correcting for the 0.6 sec. lag required for the sample 
to flow from engine to infrared cell. The operation of a 
throttle control unit, however, reduces the amount of 
unburned fuel by 79.3°%. This represents a marked im- 
provement and is a promising possibility for further study. 
Application of Non-Dispersion Instrument 

Although considerable information concerning exhaust 
hydrocarbon can be obtained with grab samples analyzed 
on the dispersion-type infrared spectrometer, this tech- 
nique is not suitable for extensive studies of road vehicle 
operation. Rapid variations in exhaust composition re- 
sulting from normal driving cannot be satisfactorily fol- 
lowed with individual samples, except with great labor 
and the imposition of somewhat artificial driving pro- 
cedures. There is a need for an instrument which will 
continuously measure exhaust hydrocarbon under all con- 
ditions, and which can be readily attached to the auto- 
mobiles of private owners. Such a monitoring instrument 
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Fig. 17. Continuous analyses with portable 


infrared analyzer. 


Fig. 15. Control equipment for road test 
sampling. 


is essential to evaluate actual, on-the-spot conditions in 
critical areas, and the effectiveness of suggested car 
maintenance programs. 

Since the standard dispersion-type infrared apparatus 
is moderately expensive, not portable, and not suited to 
continuous road measurements, another type of hydro- 
carbon-measuring apparatus is necessary. The non- 
dispersion infrared gas analyzer meets many of the re- 
quirements. As has been previously described, it is a 
relatively simple and portable instrument. Furthermore, 
an exhaust sample can be continuously passed through the 
sample cell, thus providing a continuous record of exhaust 
hydrocarbon while a car is operating. 

The initial studies with a Liston-Becker Model 15 gas 
analyzer were made with an engine on a test dynamometer 
stand. The apparatus in use is pictured in Fig. 17. Dif- 
ferent cell lengths and different amplifier settings pro- 
vide a wide range of response, ranging from 1,000 ppm. 
to 30,000 ppm. for a full-scale reading. 

After setting the instrument to zero with air in the 
sample cell, the exhaust sample is conducted through a 
heated line to a heated tube of Drierite. The dry exhaust 
gas is passed through the gas analyzer, which provides a 
continuous record of the C, and higher hydrocarbons. The 
effect of changing engine coiditions can be directly 


observed. 
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ig. 16. Reduction in unburned fuel by throttle control device. 
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Fig. 18. Typical 
record of exhaust 
hydrocarbon with 
continuous analyzer. 
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A typical exhaust hydrocarbon record is shown in ‘ig. 
18. Examination of the chart indicates that operating 


the engine at road load conditions produces an exhzust | 
hydrocarbon output of about 360 ppm. As soon as the j 
throttle is closed, simulating deceleration, the hydrocarbon | 


rapidly increases to nearly 6,000 ppm. When the engine 


is again returned to road load, the hydrocarbon level {alls 


abruptly. 


To speed up the instrument response to changing engine 
conditions, the gas flow was increased by inserting a small } 


diaphragm pump between drying tube and sample cell. 
Although the response is not as rapid as might be desired 
for very transient driving operation, results obtained with 
the non-dispersion gas analyzer are very promising. ‘The 
instrument has been calibrated quantitatively by measur- 


ing the hydrocarbon with a laboratory dispersion-type § 


infrared spectrometer, as outlined earlier in detail. 


At present, the continuous gas analyzer has one serious 
deficiency: a drying tube must be inserted in the line to 
remove moisture from the exhaust sample. Although it 


had been anticipated that moisture would not interfere | 


seriously with the total hydrocarbon measurement, the 


extremely high water content of exhaust gas not only pro- 


duces condensation in the sample cells, but also provides 
a positive absorption error. 

We are currently studying ways to eliminate water 
interference. A likely possibility is to heat the entire 


sample cell assembly so that no condensation can occur. | 


This will prevent the serious loss of internal cell reflec- 
tivity. However, a blank correction must be applied to 
compensate for the relatively constant moisture content. 
Although water does not absorb at the same wavelength 
as hydrocarbons, Fig. 19 shows how the relatively huge 
amount of water in exhaust produces an absorption band 
which partially obscures the hydrocarbon peak. 
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Fig. 19. Infrared spectrum of automotive exhaust. 


: continuous infrared gas analyzer is currently being 
adaj ed for road test measurements. Although a satis- 
fact’ y exhaust flow can be obtained on a test car by 
tapy ng into the exhaust pipe, this would not be accept- 
able ior the monitoring of privately owned automobiles. 
A s: npling line is therefore being devised which can be 
inse: ed into the tailpipe, yet will be adequately heated 
to p:event hydrocarbon loss. Rapid sample flow must be 
maintained in order to follow changing conditions. 
According to very preliminary results, the continuous 
anal, zer yields hydrocarbon results which are quite similar 
to tose obtained with individual samples, as analyzed 
with the laboratory infrared spectrometer. Work is active- 
ly proceeding on the continuous infrared gas analyzer 
because of its ease of operation, portability, moderate 
cost and continuous measurement. 


Summary and Conclusions 
1. An infrared spectroscopic method of exhaust analysis 
has been developed which is generally satisfactory. 
Some of the advantages of this technique are: 


a. Speed—a complete analysis for C, and higher 
hydrocarbons, carbon dioxide, carbon mon- 
oxide and nitrogen dioxide, requires about 30 
min. for preparation of spectra and calculation 
of results. 


Wide range of response—low concentrations 
of exhaust components, characteristic of road 
load, to the high concentrations obtained dur- 
ing deceleration can be readily analyzed. 
Accuracy—reproducibility is about 3%. 
Specificity—the concentration of a_ specific 
atomic grouping is measured, e.g., the C-H 
group in hydrocarbons. 

Moderate cost of instrument—the cost of an 
infrared instrument ranges from about $2,000 


for the non-dispersive gas analyzer to $15,000 


for a double-beam dispersion instrument. 
Equipment and trained personnel are readily 
available. 

In spite of its marked advantages, infrared spec- 


troscopy does suffer from certain disadvantages, 
such as: 

a. Low value for hydrocarbons—only a fraction 
of methane and ethane, unsaturated hydro- 
carbons and aromatic hydrocarbons are meas- 
ured. 

Interference of water in exhaust—water inter- 

feres with the hydrocarbon measurement and 

must be removed from sample before analysis. 

Less detailed analysis — individual hydro- 

carbon components and water are not readily 

measured. 
A procedure has been developed for rapidly obtain- 
ing a gaseous exhaust sample from an engine oper- 
ating either on the dynamometer or in a road test 
car. This procedure includes a technique for the 
absorption of water and correcting for the small 
amount of hydrocarbon inadvertently removed from 
the exhaust. 
Using this infrared analysis technique, exhaust 
analyses are presented for representative operating 
conditions on 6-cylinder and V-8 engines. These 
conditions are: 30 mph. road load, idle, acceleration, 
and deceleration. 
This infrared technique has been applied to a de- 
termination of the effect of manifold vacuum on 
hydrocarbon, carbon monoxide and carbon dioxide 
content of exhaust. The hydrocarbon results show 
excellent agreement with mass spectrometer analyses 
obtained with different makes of cars. 
A technique for rapidly obtaining “grab” samples 
of 1-sec. duration has been developed for the study 
of transient conditions during deceleration, which is 
the most severe operating condition for hydrocarbon 
emission. The technique set up in a road test car 
was used to demonstrate the effectiveness of a 
throttle control device to reduce hydrocarbon during 
deceleration. 
Techniques for the continuous analysis of exhaust 
are being developed by adapting a non-dispersive in- 
frared analyzer to exhaust analysis. This instru- 
ment is portable, easy to operate, relatively inexpen- 
sive, but limited to measurement of hydrocarbon 
in exhaust. 
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Note 


Since the date of presentation, improved calibration 
curves have been obtained for hydrocarbon and carbon 
dioxide, and an improved cell correction for carbon mon- 
oxide. This has permitted revision of Tables I and II and 


Fig. 13. 


Vol. 5, No. 2 














Study of the Distribution and Effects of 
Auto Exhaust Gases * 


Gorpon P. Larson, JoHn C. CHIPMAN, AND Erwin K. Kauprr 
Air Pollution Control District of County of Los Angeles 
Los Angeles, California 


The complex mixture of air contaminants that exists 
in industrial communities may produce a variety of effects. 
Some of the resultant nuisances are associated with chem- 
ical reactions of one or more pollutants in the atmo- 
sphere. Under certain atmospheric conditions, the oxida- 
tion of sulfur dioxide to sulfur trioxide and the resulting 
sulfuric acid mist contributes to haze formation"). When 
stable air conditions are such as to provide time for the 
oxidation of hydrocarbon vapors in the air, aerosols and 
irritating gases are formed. The particles produced in 
this photo-chemical reaction result from the polymeriza- 
tion of the oxidation products of certain unsaturated 
hydrocarbons’). Haze and the consequent reduction in 
visibility result from these oxidation processes in the air, 
together with the direct emissions of dusts, fumes and 
mists from a large variety of sources. On the other hand, 
the contaminating gases cause damage to vegetation, irri- 
tation of the eyes, higher ozone content of the air and 
strong odors). Sulfur dioxide, fluorine, hydrocarbons, 
ammonia and hydrogen sulfide are prominent among the 
contaminating gases and vapors found in the atmosphere. 

Effects other than haze formation have been shown in 
reactions of hydrocarbons in extreme dilution. Olefinic, 
branched-chain, and cyclic compounds present in gaso- 
line vapor are readily oxidized in the presence of sun- 
light and oxides of nitrogen to produce gases which are 
highly irritating to the eyes and cause damage to vegeta- 
tion), A by-product of this chemical reaction is ozone 
which, in spite of its known activity, leaves residual ozone 
concentrations sufficiently high to produce rubber crack- 
ing during smog attacks"). Some of the organic acids, 
aldehydes and peroxides resulting from the oxidation of 
hydrocarbons can be measured in the atmosphere and in 
test chamber experiments. 


1) Aitken, J., “The Sun as a Fog Producer,” Proceedings of the 
Royal Society of Edinburgh, 32, 1911-1912. 

2) Mader, P. P., MacPhee, R. D., Lofberg, R. T., and Larson, G. P., 
“Composition of Organic Portion of Atmospheric Aerosols in the 
Los Angeles Area,” nd. Eng. Chem., 44, 1352 (June 1952). 

3) Larson, G. P., “Recent Identification of Atmospheric Contami- 
nants in the Los Angeles Basin,” 44th Annual Convention Pro- 
ceedings Air Pollution and Smoke Prevention Association of 
America, Inc. Roanoke, Virginia, 1951. 

4) Haagen-Smit, A. J., “Chemistry and Physiology of Los Angeles 
Smog,” Jnd. Eng. Chem., 44, 1342-46 (1952). 

5) L. A. Co. Air Pollution Control District, Second Technical and 
Administrative Report on Air Pollution Control in L. A. Co., 
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6) Haagen-Smit, A. J., “Photochemical Ozone Formation with 
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Table I presents a classification of important sources 
and the potential air contaminants from each"). 


Hydrocarbons—A New Problem 

The research studies which developed the role of g.:so- 
line vapor as a factor in the Los Angeles smog prob/em 
have been extensively reported. Essentially, the work 
consisted of test chamber experiments in which the 
reaction products of oxidized gasoline vapors produced 
eye irritation and a specific pattern of damage on cer:ain 
vegetable plants. This type of damage is found extens:ve- 
ly in the field on plants after smog attacks. Analyses 


revealed that the organic aerosol in the atmosphere com- | 


pared favorably in its chemical and physical propeities 
with the aerosol produced when gasoline vapors are 
oxidized. 

Accompanying these studies was an inventory of the 
sources of gasoline vapor to estimate the losses of all 
types of hydrocarbons to the atmosphere. Sampling pro- 
grams were conducted to determine the concentrations 
of hydrocarbons during smog attacks in close proximity 
to sources. Samples of air collected in the vicinity of 
refineries or similar sources of hydrocarbon vapors gave 
typical smog effects when exposed to sunlight. The ex- 
tensive work done in connection with hydrocarbons led 
to studies of the internal combustion engine. While it 
could be expected that certain types of hydrocarbons 
would be found in the exhaust gases, no evidence existed 


that the mixture of combustion products at the temper- } 
atures found in the exhaust would give any of the effects 


which had been determined in the experiments with pure 
hydrocarbons or gasoline vapors. As a matter of fact, 


the exhaust gases do not produce crop damage typical for | 


smog until photochemical reactions take place. 
Test Procedure 


Since the quantities of contaminants vary for each 


operating condition, an estimate of total emissions was | 


based on the consumption of gasoline under average driv- 
ing conditions. Consideration of traffic flow and trafhc 


densities led to the selection of a 39 mile route throughout | 
the community. This route was chosen as representative | 
of average driving conditions in Los Angeles. It includes | 


freeway driving, residential driving, congested city traffic, 
and industrial areas. 
Accumulative stop watches were used to record the time 


( 7) Larson, G. P., “Smokes and Fumes” in “Encyclopedia of Chem- 
ical Technology,” vol. /2, pp. 558-73, The Interscience Encyclo- 
pedia, Inc., New York, N. Y., 1954. 


JOURNAL 


FLOW RATE- SCFM 








sper! 
(4) 
The « 
and 35 
was 

20 1 
bet, 
fron 
vacuun 
of the 
acceler 


Combus 
Coal 
Fuel ¢ 
Gasol. 
Rubbi 


Petroleu 
Produ 
Refini 
Marke 


Chemica 
Chem 
Soap ; 
Paints 
Fertili 
Anim; 
Paper 


Metallur 
Smelt 
Found 


Fabric 
Mineral 


Ceran 
Aggre 
Calcir 


Food pri 
Feed ; 
Fish a 
Food 


(a) 





MOLE 11.5SCFM 
CRUISE 40.4 SCFM 
ACCEL. 59.3 SCFM 


s 


Fig. 1. Flow rate 
for a 1951 Ford “6.” 
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sper’ in (1) idling, (2) acceleration, (3) cruising, and 
(4) Jeceleration, while driving the predetermined route. 
The cruising cycle recorded was in high gear between 25 
and }5 mi./hr. at approximately 17 in. Hg. Deceleration 
was it closed throttle with a manifold vacuum of between 
20 1:.. and 24 in. Hg. Data on acceleration were obtained 
bet. cen approximately 2 in. and 15 in. Hg., and results 
fron: idling were obtained under full stop with a manifold 
vacuum of about 18 in. Hg. The average operating time 
of the test was found to be as follows: idling, 18°; 
acceleration, 18°,; cruising, 46°; and deceleration, 18%. 


As an example of the procedure used, a test on a 1951 
Ford Six is described. A stainless steel orifice meter using 
a 1% in. orifice plate was attached to the tail pipe. It 
was of sufficient size to minimize exhaust back pressure. 
Orifice pressure differentials were obtained by a standard 
self-compensating X gauge which indicated the pressure 
differentials in inches of water. 

Idling exhaust flow was obtained with the engine idling 
at approximately 450 rpm. (Fig. 1). The acceleration 
cycle consists of accelerating on level terrain in first gear 
from 0 to 12 mph., then in second gear from 12 to 22 mph., 
and in high (third) gear from 22 to 35 mph. Orifice 
differential pressure readings were taken every 2 seconds 
through the 3 forward gears. 


The average exhaust flow rate in first gear was deter- 
mined by graphically integrating the area under the 
plotted curve for the first 5-second increment (to the 
midpoint of the first shift); the average for second gear 
operation was determined from the 5 to 11-second incre- 
ment. The average exhaust flow for the entire accelera- 
tion cycle was obtained by graphically integrating the 
area under the plotted curve for the full 22-second period. 
The average exhaust flow rate for the entire deceleration 
cycle was obtained by averaging the area under the 
plotted curve for the entire 0 to 24-second interval. The 
average flow rates are shown in Fig. 1. 


Reducing these figures to a ratio of exhaust gas volumes 
with idling as unity, they become for a 1951 Ford Six: 


TABLE I 
Sources and Air Contaminants 





Source, Type, or Industry Aerosol 





Combustion 
Coal 
Fuel oil and gas 
3asoline (motor fuel) 


Rubbish 


Dust, fume (smoke, fly ash) 
Dust, fume (smoke) 

Fume (smoke) 

Dust, fume (smoke, fly ash) 


Petroleum 
Production 
Refining 
Marketing 


Dust, mist 


Chemical and allied products 
Chemicals 
Soap and detergent 
Paints and varnish 
Fertilizer 
Animal and vegetable oils 
Paper and plastics 


Dust, fume, mist 
Dust 
Mist 
Dust 
Mist 


Dust, mist 


Metallurgical and metal fabrication 
Smelters and mills 
Foundries 
Fabricators 


Dust, fume (smoke) 
Dust, fume (smoke) 
Dust 


Mineral earth processing 
Ceramic 
Aggregate and cement 
alcining 


Dust 
Dust 
Dust 


Food products 
Feed and flour 
Fish and meat 
Food processing 


Dust 
Dust, mist 
Dust, mist 


Specific Gases and Vapors 


Vapors 





NOsz, SOs, CO, aldehydes, acids 
SO., NO: 

Organic acids, aldehydes, NO:, CO 
Organic acids, aldehydes, NO2, CO 


Hydrocarbons‘ *) 


Saturated hydrocarbons 
Hydrocarbons(") 
Hydrocarbons‘ *) 


Mercaptans, SO», H:S, NHs, CO 


(Process-dependent) 
dor 
Solvent, organic acids 
NHs, odor 
dor 
Odor, solvent, sulfide 
(process-dependent) 


SO., fluorides, CO 
Aldehydes 


(Process-dependent) 


Solvent, organic acids 


Fluorides 


Odor 
Odor 














(a) Mixtures containing types of hydrocarbons that are readily oxidized in the atmosphere. 


of APCA 


85 


Vol. 5, No. 2 




















(1) Idling 1.00 
(2) Acceleration 5.15 


(3) Cruising 3.50 


(4) Deceleratoin 2.42 


Collection of Samples 


Instantaneous samples for hydrocarbon and Orsat de- 
terminations were collected behind the muffler by draw- 
ing the exhaust gases into evacuated 300 ml. glass mine- 
sampling tubes. Two-liter evacuated flasks were used to 
collect samples for aldehyde, oxides of nitrogen, and 
acetylene determinations. The chemical methods that 
were employed are beyond the scope of this article. The 
references are listed separately in the Appendix. 

During the acceleration cycle, samples were first col- 
lected while driving in each of the 3 forward gears at 
approximately 6, 17 and 28 mph., respectively. It has 
been found through experience that the sample taken in 
second gear at 17 mph. represents an average condition 
of the entire acceleration cycle. For this reason, samples 
are now taken only in second gear at approximately 17 
mph. 

During the deceleration cycle, samples were taken 
originally at 3-second intervals, corresponding to 0+3, 
0+6, 0+9, etc. The zero time corresponds to the mo- 
ment that the throttle was closed from a speed of 35 
mph. Repeated tests have shown that the sample taken 
at 04-6 seconds represents a suitable average of the 
entire deceleration cycle. For this reason, only one sample 
(0+-6 seconds) is now taken. 

Instantaneous samples are also taken for idling (at 
approximately 450 rpm.) and cruising (level-road load 
at 35 mph.) 

For the idling and cruising cycles another sampling 
technique is frequently substituted for the instantaneous 
sampling method. When this method is used, samples are 
drawn through a small orifice restriction into an evacuated 
2-liter flask. This prolongs the sampling time and tends 
to give a better average for any fluctuations in the ex- 
haust gas composition due to slight variations in engine 
operation. Checks made on the 2 methods, however, have 
shown no appreciable difference. 


Estimated Emissions 
Hydrocarbon Emissions From Automobile Exhausts 


In 1940, there was a total of 1,160,110 automobiles and 
trucks in Los Angeles County. By 1954, the total had 
increased to 2,296,400. Calculations of the total amount 
of hydrocarbon vapors from automobile exhausts made 
by the District‘*), and similar calculations by others ®) 
based on exhaust gas analyses, have shown that about 
850 tons* of hydrocarbons enter the atmosphere in Los 


( 8) Viets, F. H., Fischer, G. I., and Fudurich, A. P., “Atmospheric 
Pollution from Hydrocarbons in Automobile Exhaust Gases,” 
L. A. Co. Air Pollution Control District, 1953. 
( 9) Magill, P. L., Hutchison, D. H., and Stormes, J. M., “Hydro- 
carbon Constituents of Automobile Exhaust Gases,” Proceedings 
of the Second National Air Pollution Symposium, p. 71, 1952. 
*4.500,000 gallons of gasoline, daily consumption in Los Angeles 
County, used in calculations. 
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TABLE II 
Average Automobile Performance in Los Angeles Traffic 


% Operation Exhaust Gas 
Time—Average Volume Consumption 
Traffic Ratio(") Ratio(”) 
Idle 18 1 1 
Acceleration 18 4.5 7 
Cruising 46 3 4 
Deceleration 18 2 2 





Operating 
Cycle 

















(a) Values are ratios of exhaust volume to idling exhaust volum~ of 
14 scfm. 


(b) Values are ratios of gasoline consumption to idling gasoline cons: mp- 
tion of 0.4 gallon per hour. 


Angeles County each day from automobiles. This calcu- 
lation is made from the exhaust analyses obtained wiiile 
driving under moderate traffic conditions. 

Table II shows the per cent of time the vehicle was 
operating on the 4 cycles of the engine, the exhaust zas 
volumes, and gasoline consumption over a selected diiv- 
ing course through traffic. Using these values with che 
typical analytical results shown in Table III, the tovals 
for various contaminants and other components can be 
estimated on the basis of current gasoline consumption. 


Particulates from Automobile Exhausts(” 


In addition to the analyses for gases and vapors, pre- 
liminary data were collected under idling conditions for 
the solid and liquid aerosols. The weight of particulate 
matter collected on a filter and electrical precipitator was 
found to be 3.3 mg./scf. This value may be compared to 
the hydrocarbon measurements of 1275 ppm. or 139 
mg./scf. for idling conditions. Theoretical calculations 
have been made on the quantities of lead and other addi- 
tives to gasoline which might be emitted. If all of the 
lead and other compounds added to gasoline were ex- 
hausted to the atmosphere, the total for Los Angeles 


(10) L. A. Co. Air Pollution Control District, Third Technical and 
Administrative Report on Air Pollution Control in L. A. Co., 
1953-1954. 


TABLE III 
Results of a Typical Analysis of Automobile Exhaust Gases(a) 





| i 
Decelera’ 


tion 


Idling Accelera- 


Component siieen Cruising 





Hydrocarbons (Cs-C») 
as hexane, p.p.m. 1275 410 354 5125 


Acetylenic, as 
acetylene, p.p.m. 825 18 64 


Oxides of Nitrogen, 
as NOs, p.p.m. 4180 1606 


Lower aldehydes, as 
formaldehyde, p.p.m. 88 1369 264 


CO percentage 3.6 0.0 0.4 
COz percentage 10.0 13.7 12.9 














Oz percentage 1.4 1.3 1 





(a) Automotive Exhaust Testing Procedures and Efficiency Studies in the 
pia of Catalytic Muffler, Air Pollution Control District, Appen- 
dix II, 1954. 
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County would be 11 tons/day. The estimated oil consump- 
tion is 80 tons/day but only a small fraction of the oil 
burned would be emitted in particulate form. 

The above values for smoke particles, or particulates, 
emitted in exhaust would lead to estimates ranging from 
35 tons to 50 tons/day in the Los Angeles Basin. The 
matcrial collected in tests is known to be extremely small 
and may be relatively unimportant in reducing the visi- 
bility. Air sampling studies are underway to obtain more 
dat: on this particular aspect of exhaust contributions. 
Die els 

‘aly 120,000 gallons of Diesel fuel are burned per day 
uses, trucks, and railroads in Los Angeles County for 
sportation as compared to 4,500,000 gallons of gaso- 
From these figures, it is obvious that the quantity of 
rial discharged from Diesel exhausts is insignificant 
: an over-all air pollution point of view, as compared 
iat of gasoline-driven vehicles. 

id Petroleum Gas 

‘eliminary tests on engines using liquefied petroleum 

pro ‘ucts have been made. An insufficient number of tests 
ha,» been completed to report any valuable data at this 
tim. Analyses for aldehydes would appear to be less than 
fou.id with the gasoline motor, which may account for 
the noticeable difference in odor. The analyses for the 
quantities and types of hydrocarbons must be extended 
further before conclusions can be reached. 


Test Chamber Experiments on Exhaust Gases 

In order to determine the effect of automobile exhausts, 
experiments and tests were run, exposing leafy vegetables, 
as indicators, to exhaust gases in fairly low concentration. 
The hydrocarbons were oxidized with ozone in a test 
chamber. The results of these tests demonstrated that 
automobile exhausts could cause typical smog damage 
to leafy vegetables. 

A series of experiments were conducted to learn if con- 
stituents found in exhaust gas were capable of producing 
smog effects. Measured quantities of exhaust gases, mixed 
with air to dilute the hydrocarbon content, were intro- 


duced into the Plexiglas chamber. A controlled amount 
of ozone was introduced in each fumigation through a 
separate tube. The outlets of the hydrocarbon and ozone 
tubes in the chamber were located over a fan to aid the 
mixing in the atmosphere of the chamber. Earlier experi- 
ments in fumigating plants with single hydrocarbons or 
gasoline introduced the ozone directly into the hydro- 
carbon stream. Air ‘*!*) was then introduced to dilute the 
reaction products for the fumigation experiments. 

Damage typical of that found in the field after smog 
attacks, was produced on all 5 indicator plants when the 
exhaust gases and ozone were introduced into the cham- 
ber at separate points. Results are shown in Table IV. 
A comparison was made of the quantities of equivalent 
weights of gasoline against hydrocarbons in automobile 
exhausts to give a minimal damage effect, with the re- 
sults as shown in Table V. Borderline damage was ob- 
tained with 8.05 ppm. gasoline vapor and with 5.46 ppm. 
exhaust hydrocarbons. While it is recognized that the 
concentrations of hydrocarbons used in these experiments 
are above those found in the atmosphere, the experimental 
conditions imposed limitations which precluded using con- 
centrations at the dilutions found in the atmosphere. The 
time for reaction in the chamber, because of its limited 
size, is only 17 minutes. The oxidation reaction in the 
atmosphere is continuous and is difficult to duplicate in 
an enclosure. 


Eye Irritation and Aerosol Formation 

During these and other experiments, observations were 
made for eye irritation and for formation of aerosols from 
the oxidation of the exhaust gases. Eye irritation was 
noted in some of the fumigation experiments. The pres- 
ence of aldehydes in the exhaust gases may account for 
some of this effect. An experiment, using 4.3 ppm. of ex- 
haust hydrocarbons, produced eye irritation when the 


(11) Haagen-Smit, A. J., Bradley, C. E., and Fox, M. M., /nd. Eng. 
Chem. 45, 2086 (1953). 

(12) Cann, G. R:, Noble, W. M., and Larson, G. P., “Detection of 
Smog Forming Hydrocarbons in Automobile Exhaust Gases 
Using Plants as Indicators,” Air Repair, 4, 31-34 (August 1954). 


TABLE IV 
Damage to Vegetation by Automobile Exhaust Gases 





Hydrocarbons Formic 
as Hexane(”) 


___P-p.m. 


Nitrogen 
Dioxide *) Acid(*) 
p.p.m. p-p.m. 


Ozone(”) 
p-p.m. 


Aldehydes(") 
p.p.m. 


Damage to 
Vegetation *.* 


B OA 


Relative 
Exhaust Humidity 
% 


Dilution 


Temperature 
ss 





5.46 0.19 0.20 0.41 1.67 
8.40 0.28 0.17 0.23 1.18 
8.60 0.26 0.32 0.23 1.15 
35.00 0.33 0.71 ND 1.04 
38.50 0.33 1.81 ND 2.69 
5.74 0.17 0.23 0.27 1.02 
17.40 0.33 0.32 0.33 1.40 
16.50 0.33 0.20 0.20 2.15 
4.48 0.20 0.25 0.17 0.24 














3.01 | 0.18 0.23 | 0.07 0.22 . 


51 
68 
53 
64 
58 
1:116 45 
1:58 58 
1:58 52 
1:232 | 59 
1:232 60 
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(a) As measured in the Plexiglas chamber during the fumigation. 
(b) Consumed in the reactions; value obtained equals 
measured in the chamber after reaction had occurred. 





introduced into the chamber minus amount 


(c) S—spinach; B—sugar beet; O—oat; A—alfalfa; E—endive. T—typical smog damage; t—typical 


smog damage in a lesser degree; N—no damage. 
ND Not determined. 
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‘ TABLE V 
Damage to Vegetation by Gasoline 





Hydrocarbons b Nitrogen Formic 
as Hexane(") — ‘ Dioxide”) Acid 
p.p.m. 5. iianes p.p.m. p.p.m. 


Aldehydes“) 
p.p.m. oR % ———$_—-— 


Damage to 
_ Vegetation() 


Relative 
Temperature Humidity 


: oO 





8.05 0.23 0.86 0.67 
10.50 0.19 0.00 ND 
0.21 0.41 0.45 
0.05 0.33 0.25 
0.04 0.36 0.13 
0.25 0.00 ND 
0.11 0.23 0.10 
0.08 0.26 0.15 
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1.64 83 56 
0.96 92 41 
0.51 | 86 45 
1.99 | 81 54 








0.35 | 69 71 | 
0.42 | 88 | 43 N 
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(a) As measured in the Plexiglas chamber during the fumigation. 


(b) Consumed in the reactions; value obtained equals amount introduced into the chamber minus amount 


measured in the chamber after reactions had occurred. 


(c) S—spinach; B—sugar beet; O—oat; A—alfalfa; E—endive. T—typical smog damage; t—typical 


smog damage in a lesser degree; N—no damage. 
ND Not determined. 


aldehyde concentration was below the eye irritating 
threshold known for fomaldehyde. No actual measure- 
ments were made of the quantities of aerosols formed from 
a given amount of hydrocarbons in the exhaust. Obser- 
vations were made by introducing ozone into the exhaust 
stream and noting the visual increase of aerosols. Exhaust 
gases exposed to sunlight in a Plexiglas box showed in- 
creases in aerosol formation using a Tyndall beam. From 
these experiments, it was concluded that the exhaust 
gases from the gasoline internal combustion engine are as 
effective in producing smog effects as is gasoline vapor 
when both are oxidized in the presence of NO, and 


ozone. 5 ies hs 1% P 
Automobile Exhaust Distribution ''*) 


Upon completion of the analytical work for the quanti- 
ties of hydrocarbons, studies were undertaken to deter- 
mine the hydrocarbon concentratiots 11 the atmosphere 
which might result from the emissions of automobile ex- 
haust. This project involved a study of the distribution 
of traffic throughout the basin, measurements in the atmos- 


(13) L. A. Co. Air Pollution Control District, op. cit., ref. (10). 
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Fig. 2. Traffic Distribution in Los Angeles County. Numbers Repre- 

sent Percentage of County’s Daily Trafic (Car Miles) Occurring in 
Each Area. 
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phere of carbon monoxide, oxides of nitrogen, and hydro- 
carbons together with trajectory studies of wind flow | at- 
terns in the area. Since the peak periods of traffic »b- 
viously occur during the morning and late afterncon, 
atmospheric samples were taken prior to and during che 
period of early morning activity. Studies of air move- 
ment had already determined that the pollution would 
accumulate to the maximum during the early morning 
hours because of stagnation which occurs at night, ‘ol- 
lowed by a period of low wind velocities. 
Traffic Distribution 

A study of the traffic flow indicates a distribution over 
the 24 hours on week days as follows: 





| Per cent of 
Period 24-Hour 
| Traffic 





6:00 A.M.—10:00 A.M. | 
10:00 A.M.— 4:00 P.M. 
4:00 P.M.— 7:00 P.M. 
7:00 P.M.— 6:00 A.M. 


20—25 
30—35 
20—25 
20—25 





Detailed traffic counts show the percentages of car 
miles/day in the populated sections of the county. 

Fig. 2 shows the traffic distribution in unit areas of ap- 
proximately 25 mi.? each. This distribution indicates ap- 
proximately 6% of the total traffic miles as being covered 
in the densely populated downtown Los Angeles section. 
It can, therefore, be estimated from the analysis of auto- 
mobile exhausts that 60 to 75 tons/day of hydrocarbons 
could reach the air in this area from automobile exhaust. 

Atmospheric samples measuring hydrocarbons, carbon 
monoxide, and nitrogen dioxide taken on several days in 
the central section of Los Angeles are plotted in Fig. 3 
to show the average values obtained. The initial peak 
for hydrocarbons which occurs between 1:00 and 3:00 
A.M. results from the residual pollution in the atmosphere 
which increases in concentration as the inversion lowers 
and the air becomes stagnant during the early morning 
hours. Following sunrise and the increased mixing, the con- 
centration of pollution decreases, to be followed by an- 


other peak between 6:00 A.M. and 9:00 A.M. This peak 
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Mon vide and Nitrogen Dioxide in Downtown Los 
Ange -s During Days of Eye Irritation, 1953-1954. 


Fig. 4. Trafic Distribution on 
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Fig. 5. Diurnal Curves for Hydrocarbons, 
Carbon Monoxide, and Nitrogen Dioxide in 
Dominguez Area, Carson St. Station, During 
Days of Eye Irritation, 1953-1954. 


Hollywood Freeway at Cahuenga 
Pass. Weekday Traffic, 1950-1951. 


period corresponds well with the influx of traffic to this 
area. From the studies of the traffic flow in a 24-hour 
period, it is estimated that 25% of the total hydrocarbons 
emitted in this area for the day would be released during 
this peak period in the early morning hours. This quantity 
of hydrocarbons could account for the values measured in 
the air during the periods that measurements were being 
taken in this area. The values for carbon monoxide, and 
oxides of nitrogen as well, which would be released during 
a corresponding period, follow a similar pattern and are 
consistent with the total amount of material released for 
the period of time involved. A typical example of the 
trafic flow for a single freeway is shown in Fig. 4. 


In order to determine whether or not another source 
of hydrocarbons would influence the concentrations meas- 
ured in the downtown area, sampling was carried on in 
the refinery area, approximately 20 miles south of the 
Civic Center. At the time these studies were undertaken 
it was estimated that refinery sources were emitting ap- 
proximately 300 tons/day of hydrocarbons. Carbon mon- 
oxide, and oxides of nitrogen as well, could be expected 
from sources in the refinery area. It will be observed from 
the values plotted in Fig. 5 that the carbon monoxide 
values in the Dominguez area are extremely low as com- 
pared to the downtown area. This marked difference in 
itself indicates a separate source as contributing this 
material to the Civic Center. While the peak concentra- 
tions for hydrocarbons in the refinery area between 3:00 
and 4:00 A.M. might indicate a transfer of this material 
to influence the later peak in the downtown area between 
6:00 and 9:00 A.M., studies of the wind currents on the 
days when samples were taken have indicated few occa- 
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sicns when this could occur. A series of studies on days of 
cye irritation in the Civic Center was made during July 
1952 and January 1953'"*). For these periods a number 
of cases of surface wind flow were plotted for each day 
when eye irritation occurred. 

Fig. 6 designates the nighttime stagnation area for the 
air which was polluted when it reached the Civic Center 
about 10:00 A.M. The symbols L, M and H indicate the 
degree of eye irritation as light, medium and heavy, re- 
spectively. The square symbols are for those cases where 
the trajectories passed over the refinery area before the air 
stagnated. The round symbols show the cases where the 
air could not have passed over the refinery area. 

In the 37 cases of downtown eye-irritation studies, there 
were 3 instances of air arriving from the west traffic area 
without stagnating, 2 cases of air coming from the re- 
finery area without stagnating, and 7 indeterminate cases 
where air passed over refinery and heavy traffic areas 
without stagnating. In addition, there were 25 cases 
where the air stagnated in heavy traffic areas (west 13, 
southwest 4, south 1, east 2, and northwest 5.) Studies 
of individual cases reveal several where winds both at 
the surface and aloft could not have brought air from 
the refinery area to downtown Los Angeles. The intense 
traffic activity was apparently sufficient in itself to pro- 
duce the observed moderate to severe sieges of eye irrita- 
tion. 

Conclusions 

The decision to control a source of pollution should be 

predicated upon studies which show a clear contribution 


(14) Special Report, Meteorological Section, Air Pollution Control Dis- 
trict of Los Angeles. 
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Fig. 6. Centers of Stagnation 
Areas for Air Arriving at Civic 
Center at 10:00 A.M. 





iRe 
0 
of the source to the detrimental effects caused by polluted 
air. It could, of course, be conceded without extensive 
studies, that some of the contaminants in auto exhaust 
contribute to the pollution of the air. Since hydrocarbons 
or gasoline vapors were known to be an important factor 
in producing several of the deleterious effects of smog, one 
question to be answered is whether or not the removal 
of hydrocarbons from all other sources in the community 
would relieve the burden on the air sufficiently to avoid 
any control measures on auto exhaust. 











The studies which show that hydrocarbons are present 
in the exhaust gases and that under irradiation or oxida- 
tion with ozone, smog-type damage can be produced on 
plants, represent only a part of the necessary information 
to determine whether control measures are necessary. 
The studies by Dr. A. J. Haagen-Smit at the California 
Institute of Technology concerning the formation of 
ozone from hydrocarbons and particularly from auto ex- 
haust constitute another step in showing the effects which 
can be expected under certain conditions. Only when all 
of these facts are considered along with the measurements 
of hydrocarbons in the atmosphere and a study of the 
wind currents, can one conclude that the impact of traffic 
is significant. 

Studies now closely show that the removal of all other 
sources of hydrocarbons from refineries and from the dis- 
tribution of gasoline will not lower the concentration of 
hydrocarbons in the downtown area and the north-central 
section of the county sufficiently to relieve the eye irrita- 
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tion, crop damage effects, and high ozone content of the 
air in those areas. The marked influence of traffic in the 
early morning hours increases the concentration of hydro- 
carbons to levels which cannot be tolerated in the Jos 
Angeles atmosphere. On the basis of the total studies, 
it has been concluded that the hydrocarbons must be re- 
moved from the exhaust gases of automobiles. Further- 
more, the efficiency of removal must be extremely high. It 
is anticipated that the Los Angeles basin will ultimately 
serve 10,000,000 persons. Because of the topography and 
the limited atmosphere, it can be anticipated that other 
areas will be influenced by a dense traffic pattern in the 
future. Freeway improvement provides easy access to oiit- 
lying areas and traffic density can be expected to increase. 
The Air Pollution Control District recommends that eni- 
neering studies seeking to remove hydrocarbon vapors 
from exhaust gases should strive for a 90° over-all e- 
moval under conditions of operation experienced in hea vy 
traffic. 
APPENDIX 
Analytical Methods Used to Evaluate Auto Exhaust Emissions 


Hydrocarbons 
Beckman IR-2 Infrared Spectrophotometer with a specially con- 
structed 100 cm. gas cell. Concentrations are expressed as hexa re. 
Mader, P. P., Heddon, M. W., Lofberg, R. T., and Koeh er, 
R. H., Analytical Chem., 24, 1899 (December 1952). 
Oxides of Nitrogen 
Phenoldisulfonic Acid Procedure 
(Acid absorbing solution) 
Jacobs, M. B., “The Analytical Chemistry of Industrial 
Poisons, Hazards and Solvents,” p. 354, Interscience Pub- 
lishing Company, New York, N. Y., 1949. 
Acetylene and Its Homologs 
Copper acetylide method. This method measures acetylene and 
all mono substituted acetylenes of the type RC = CH in the form 
of copper acetylide. 
Jacobs, M. B., /bid, p. 516. 
Aldehydes 
Sodium bisulfite addition method (Ripper’s Method). Concen- 
trations are expressed in terms of formaldehyde. 
Goldman and Yagoda, Ind. Eng. Chem., Anal. Ed., 15, 377 
(1943). 
Carbon Dioxide, Oxygen and Carbon Monoxide 
Orsat method. Results expressed in percentages. For carbon mon- 
oxide concentrations less than 0.2%, a Mine Safety Appliance 
(MSA) sampler is used. 
Mine Safety Appliance Company, Pittsburgh, Pennsylvania. 


Fig. 7. Average Hydrocarbon Values for Days When Inversion Base 
Was 1,000 Ft. Above Ground or Lower. 
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Flame Photographs of Light Load Combustion Point the 
Way to Reduction of Hydrocarbons in Exhaust Gas* 


J. T. Wentworth and W. A. DanieL 
Research Laboratories Division 
General Motors Corporation 
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' he unburned hydrocarbon content of exhaust gas from 
eng nes is of interest for two reasons: (1) the unburned 
hy: rocarbons represent a loss in combustion efficiency, 
an (2) the unburned hydrocarbons contribute to air 
po! ution. Work published by Viets, Fischer, and Fudu- 
ric ‘') and also by Magill, Hutchison, and Stormes) in 

? indicated that the largest concentration of unburned 
rocarbons in the exhaust gas of automobiles was found 
er decelerating conditions. The second largest concen- 
ion was found under idling conditions. 


) certain important respects engine operation during 

leration and idle differ from engine operation at full 

: ttle. During deceleration and idle operation the intake 

aaifold vacuum is high, the residual exhaust gas dilu- 

is high, and the resulting density of reactants in the 

:ibustion chamber is lower than during full throttle 
op ration. 

\n abrupt increase in the concentration of unburned 
hydrocarbons in the exhaust gas with an increase in in- 
take manifold vacuum above about 21 in. of mercury has 
been reported by Rounds, Bennett, and Nebel™). The 
present investigation was undertaken to determine the 
fundamental reasons for this abrupt increase in hydro- 
carbon concentration. 

Also, in the present investigation, efforts were made to 
eliminate the high concentration of hydrocarbons in the 
exhaust gas of automobiles during deceleration. Two types 
of carburetor devices designed to reduce the concentration 
of hydrocarbons in the exhaust gas when an automobile 
decelerates were tested, and their effectiveness in reducing 
the concentration of unburned hydrocarbons in the ex- 
haust gas during a closed throttle deceleration is reported 
in the present paper. 


Combustion Studies Using a Single Cylinder, 
Quartz Window Engine 
Equipment 


In order to make visual observations and to ob- 
(1) Viets, F. H. Fischer, G. I, and Fudurich, A. P., “Hydrocarbon 
Pollution from Automobile Exhaust Gases,” Report of Test 668, 
\ir Pollution Control District, County of Los Angeles. 
(2) Magill, P. L., Hutchison, D. H., and Stormes, J. M., “Hydrocarbon 
Constituents of Automobile Exhaust Gases,” Proceedings, Second 
National Air Pollution Symposium, May 1952. 


3) Rounds, F. G., Bennett, P. A., and Nebel, G. J., “Some Effects of 


Engine-Fuel Variables on Exhaust Gas Hydrocarbon Content,” 
J. Air Poll. Control Assoc., 5, this issue (August, 1955). 


*Presented at the Annual Meeting of the Society of Automotive En- 
gineers at Detroit, Michigan, January 10-14, 1955. 
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tain high-speed motion pictures of the flame, a quartz- 
window cylinder head was mounted on a CFR crankcase 
and L-head conversion block assembly as shown in Fig. 1. 
Also in Fig. 1 can be seen the intake surge tank, car- 
buretor, rotameters, exhaust analysis apparatus, and 
other equipment grouped around the engine. Fig. 2 is a 
view through the quartz window showing the location of 
the piston, valves, and the spark electrodes located di- 
rectly over the intake valve. The quartz, which forms the 
top of the combustion chamber, is a 1 in.-thick flat slab 
and is sloped upwards over the valves. The combustion 
chamber, therefore, is wedge-shaped. 

The engine was coupled to a dynamometer capable of 
holding the speed within 10 rpm. for all conditions used. 
Engine operating conditions are listed in Table I. 

A speed of 500 rpm. was chosen to facilitate the visual 
observation of the flame. Isooctane was used as the fuel 
since it was desirable to use an unleaded fuel to keep the 
window clean. Furthermore, others'**’ have shown that 
there is little or no effect of fuel type on the per cent un- 
burned hydrocarbons in the exhaust gas (weight per cent 
of input fuel, hereafter referred to as per cent hydrocar- 


* 


Fig. 1. Single Cylinder Engine and Equipment. 
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TABLE I 
Engine Operating Conditions 





Speed 500 + 5 rpm. 

Fuel Isooctane 

Compression ratio 6.7 

Spark timing | TDC 

A/F | Varied from 5 to 17 in. Hg. 
Varied from 16 to 25 in. Hg. 
67° to 130°F. 

102 + 5°F. 

160 + 3°F. 


Mixture temperature a) 
Mixture temperature 

Oil sump temperature 
Block coolant temperature 








(‘@ No heat was added to the mixture. Temperature varied with air-fuel ratio 
and manifold vacuum. 


bons in exhaust gas). The compression ratio of the engine 
was 6.7 and a spark timing of TDC was arbitrarily chosen. 

The air-fuel ratio was determined from air flow rate and 
fuel flow rate measurements. The air flow to the engine 
was controlled and metered by critical-flow nozzles de- 
scribed by Cornelius and Caplan“). Fuel flow rate was 
measured with a calibrated rotameter. 

The intake vacuum was adjusted by regulating the rate 
at which air was added to the surge tank, and the throttle 
was always fully open. The large surge tank near the 
engine served to smooth out pressure fluctuations in the 
intake system. 


Correlation between Per: Cent Hydrocarbon in the Ex- 
haust and Complete Flame Propagation. 

The procedure used to obtain the data was to wait 
until the engine had stabilized at a given set of con- 
ditions and then to observe whether or not the engine 
misfired. This was done for many air-fuel ratio and mani- 
fold-vacuum combinations until a “misfire limit” was 
determined. By definition, a misfire limit condition was 
taken as approximately one misfire in 50 cycles. The mis- 
fire limit thus determined is shown in Fig. 3 as a function 
of air-fuel ratio and manifold vacuum. 


(4) Cornelius, W., and Caplan, J. D., “An Improved System for Con- 
trol and Measurement of Air Consumption of a Single Cylinder 
Engine, Transactions, Society of Automotive Engineers, 6, 106-08 


(July, 1952). 
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INTAKE MANIFOLD VACUUM — INCHES 
n 


Also shown in Fig. 3 is the range of air-fuel ratios and 
manifold vacuums within which the flame was observed 
to burn throughout the combustion chamber. The bound- 
ary of the region within which the flame apparently 
burned throughout the chamber included the range of 
air-fuel ratios and manifold vacuums within which the 
flame was observed to burn more than nine-tenths of the 
mixture. 

At the rich boundary of the region within which the 
flame burned throughout, the flame burned so slowly that 
it had not completed its travel when the exhaust valve 
opened at 140°ATC. With the flame burning out the x- 
haust port, it could not be determined whether the flame 
burned throughout the mixture, since some burning took 
place in the exhaust port. The conditions where the fla:ne 
burned out the exhaust port are indicated in Fig. 3 by a 
dashed line. 

At aconstant manifold vacuum, the per cent combust on 
space traversed by flame decreased as the air-fuel ratio 
decreased from the rich limit of complete inflammation, 
and at the rich misfire limit less than half of the com- 
bustion space was traversed by flame. At lean air-f tel 
ratios, the misfire limit and the boundary of the region 
within which the flame burned throughout coincided; thus, 
more than nine-tenths of the combustion space was tra- 
versed by flame at the lean misfire limit. 

Although most of the observations of the flame were 
made visually while the tests were being run, a few high 
speed motion pictures (400 to 800 frames/sec.) were taken 
at the conditions enumerated in Fig. 4. Flame photographs 
from the motion picture sequences are reproduced in Fig, 
5 through 8. To obtain these photographs, an Eastman 
High Speed Camera was used with Kodak Linagraph Pan 
film. The film was developed in Kodak SD-19a. In addi- 
tion, it was found necessary to add powdered sodium 
chloride to the air-fuel mixture to get a good exposure 
from the flame. The addition of sodium made the flame a 
bright yellow, but did not change the power output of the 
engine, the exhaust temperature, or the apparent flame 
speed as determined by observation of the flame through 
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COMPRESSION RATIO 67 SPEED 500 RPM 
FUEL ISOOCTANE 
— py COMPRESSION RATIO 67 
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Fig. 7. 1 


Fig. 3. Misfire limit and region within which 
the flame apparently burned throughout the 
chamber. 
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Fig. 4. Engine conditions at which motion 


Fig. 2. Top view of cylinder head. pictures were obtained. 
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FLAME APPARENTLY BURNS THROUGHOUT 


FLAME DOES NOT BURN THROUGHOUT 





55 ; 66 ’ 78 89 ‘ 101 


76 91 107 122 137 





112 124 135 147 139 4 
CRANK ANGLE 


IN AKE MANIFOLD VACUUM 20” OF Hg., AIR-FUEL RATIO 12.2, SPARK 
TIMI’.G TDC. 
Fig. '. Flame photographs for engine conditions of point 1 in Fig. 4. 


ast oboscopic disk. Thus, it is believed that the flame with 
sod:um added is representative of the flame without 
sod:um. 


1: Fig. 5 are shown the flame photographs obtained at 
eng ne conditions indicated by point 1 in Fig. 4. Although 
the accuracy of the crank angles given in the flame photo- 
graphs was only about + 2° near TDC and about + 5° 
at !40° ATC, the lack of accuracy in determining the 
crank angle for a given frame does not affect the conclu- 
sions drawn from the flame photographs. As can be seen 
from the location of point 1 in Fig. 4, the manifold vacuum 
and the air-fuel ratio were so adjusted that the flame was 
expected to burn throughout the combustion chamber. 


71 86 101 “116 





13) 146 161 176 191 


CRANK ANGLE 
INTAKE MANIFOLD VACUUM 23.4” OF Hg., AIR-FUEL RATIO 10.6, SPARK 
TIMING TDC. 


Fig. 7. Flame photographs for engine conditions of point 3 in Fig. 4. 
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CRANK ANGLE 


INTAKE MANIFOLD VACUUM 21.8” OF Hg., AIR-FUEL RATIO 12.2, SPARK 
TIMING TDC. 


Fig. 6. Flame photographs for engine conditions of point 2 in Fig. 4. 


This was verified by the flame photographs shown in Fig. 5. 
In Fig. 6 are shown flame photographs which illustrate 
the effect of increasing the intake vacuum to a point out- 
side the region within which the flame burned throughout. 
As can be seen in Fig. 6, the flame failed to burn in the 
exhaust valve corner. In general, when engine conditions 
were changed so that the boundary of the region within 
which the flame burned throughout was crossed, the fail- 
ure to burn occurred first in the exhaust valve corner. 
The flame photographs shown in Fig. 7 were obtained at 


FLAME AT VERY RICH AIR-FUEL RATIOS 





101 114 {2 ie 139 
CRANK ANGLE 


INTAKE MANIFOLD VACUUM 16.1” OF Hg., AIR-FUEL RATIO 5.7, SPARK 
TIMING TDC. 


Fig. 8. Flame photographs for engine conditions of point 4 in Fig. 4. 
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the air-fuel ratio and manifold vacuum denoted by point 3 
in Fig. 4. These conditions are farther from the boundary 
of the region within which the flame burned throughout, 
and the proportion of the combustion space traversed by 
flame was considerably reduced from that in Fig. 6. 

Flame photographs were also taken at the manifold 
vacuum and air-fuel ratio represented by point 4 in Fig. 4. 
This sequence is shown in Fig. 8. These engine conditions 
were near the rich misfire limit and the flame was green in 
color. The flame burned in isolated patches, but the 
patches spread through the chamber in a more or less nor- 
mal manner. The energy released by the green flame of 
Fig. 8 was low as evidenced by the facts that the indi- 
cated power was nearly zero, and there was approximately 
20°. oxygen in the exhaust. It is evident that at these con- 
ditions the per cent of hydrocarbons in the exhaust would 
be very high. 

The per cent of hydrocarbons in the exhaust gas was 
determined at a number of different air-fuel ratios and 
manifold vacuums by means of a combustion Orsat. A 
description of the method for determining per cent of 
hydrocarbons in the exhaust gas is given in Appendix I. 
Briefly, the hydrocarbon was measured by the amount of 
CO, formed when the exhaust gas was passed over a 
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Fig. 13. Engine conditions at which residual 
fractions were determined. 


heated catalyst in the presence of excess oxygen. Allvw- 
ance was made for any CO, formed from combustion of 
CO. 

The per cent unburned hydrocarbon values for the 
points shown in Fig. 9 with air-fuel ratios between 10.4 
and 11.0 are plotted in Fig. 10. The curve of Fig. 10 shows 
the per cent of unburned hydrocarbons as a function of 
manifold vacuum at an approximately constant air-fuel 
ratio. The sharp increase in the per cent of unburned hy- 
drocarbons occurring at about 21 in. of mercury vacuum 
coincides with the failure of the flame to burn throughout 
the mixture. As the manifold vacuum was increased above 
21 in. of mercury, the per cent of combustion space tra- 
versed by flame decreased, and the per cent of hydro- 
carbons in the exhaust increased. 

The values of the per cent hydrocarbon in the exhaust 
gas for points shown in Fig. 11 for the two manifold 
vacuum regions of 16.0 to 16.8 in. of mercury and 19.4 to 
20.0 in. of mercury are plotted in Fig. 12. The two curves 
of Fig. 12 show the per cent of unburned hydrocarbons as 
a function of air-fuel ratio for two approximately constant 
manifold vacuums. Again the sharp increase in the per 
cent of hydrocarbons coincides with the failure of the 
flame to burn throughout the chamber. 
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From the data of Fig. 10 and 12 it is concluded that 
when the visual inspection of the flame showed that the 
flame apparently burned throughout the mixture, the per 
cent of hydrocarbons found in the exhaust was relatively 
low. When the flame failed to burn throughout the mix- 
ture, whether due to the exhaust valve opening before the 
combustion was complete or to too high a manifold vac- 
uum, the per cent of hydrocarbons in the exhaust gas in- 
creased. 

Efi ct of Dilution on Flame Propagation and Misfire Limit 

\t this point an obvious question is: Why does the 
flaine fail to burn throughout the combustion chamber 
at .ome engine conditions? It is known“) that sufficient 
dil: tion of a gasoline-air mixture by an inert gas will pre- 
ve: + inflammation of the mixture. It is also known that 
the residual gas dilution of the charge in an engine in- 
crc ses with increasing intake manifold. vacuum. Accord- 
ing y, experiments were conducted to determine whether 
res dual gas dilution was the cause for the failure of the 
flaine to burn throughout at the higher manifold vacuums. 

'c has already been noted that when engine conditions 
weie such that a small portion of the mixture was not 
bu:ned, the unburned portion would be in the exhaust 
valve corner. If exhaust gas dilution were the cause of the 
failure to burn in this corner, then a determination of the 
exhaust gas dilution in the exhaust valve corner should 
give the limiting exhaust gas dilution that would - permit 
combustion. 

To determine the residual gas dilution in the engine, a 
Cox Sampling Valve was placed so that the mixture in the 
exhaust valve corner could be sampled. The mixture sam- 
ple was obtained by opening the valve for 130 crank angle 
degrees on the compression-expansion strokes. The valve 
open time was centered about TDC, and the spark was 
interrupted on the cycle sampled. Since more than one 
cycle (3 to 8) had to be sampled to fill a 100 ml. burette, 
a pause was made between the sampled cycles to allow the 
engine to recover from the effects of the unfired cycle. 

The residual gas weight fraction was determined from 
the per cent CO, in the exhaust and the per cent CO, in 
the mixture sample as outlined in Appendix IT. 

The particular engine conditions at which the residual 
fractions were determined are shown in Fig. 13. Each en- 
gine condition was chosen to give a small unburned area 
in the exhaust valve corner; thus the points would follow 
the boundary of the region within which the flame burned 
throughout. At the rich air-fuel ratios and a spark timing 
of TDC the flame burned so slowly that the exhaust valve 
opened before the flame passage was complete. At an ad- 
vanced spark timing, 40°BTC, the flame no longer burned 
out the exhaust port and the engine conditions which gave 
an unburned area in the exhaust valve corner are shown 


by the crosses in Fig. 13. The residual fraction was deter- 


mined for both spark timings. 


(5) Jones, G. W., and Gilliland, W. R., “Extinction of Gasoline Flames 
by Inert Gases,” U.S. Bureau of Mines, R. I. 3871, April, 1946. 
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In Fig. 14 are shown the residual fractions as a func- 
tion of air-fuel ratio for the points shown in Fig. 13. It can 
be seen that, for the range of air-fuel ratios commonly 
used in spark ignition engines, the richer mixtures toler- 
ated more dilution than the leaner mixtures. 

A comparison between the results shown in Fig. 14 and 
the results of experiments by Jones and Gilliland are 
shown in Fig. 15. Jones and Gilliland reported the limit- 
ing percentages of exhaust gas for inflammability of gaso- 
line-air mixtures of controlled composition in a tube. The 
data were obtained with the test gases at a reduced press- 
ure and with a spark for ignition. Jones’ and Gilliland’s 
data were reported on a volume basis. By assuming an 
average molecular weight of the gasoline to be 98, their 
data were changed to a weight basis and plotted in Fig. 15. 
For air-fuel ratios richer than about 8 the data of Jones 
and Gilliland show an abrupt boundary between diluted 
gasoline-air mixtures that will and will not burn; however, 
at leaner air-fuel ratios the data indicate a spread between 
the per cent dilution that will burn and the per cent dilu- 
tion that will not burn. This probably means that within 
the spread the mixture would burn sometimes and at 
other times would not. 

For air-fuel ratios between 12.5 and 18 and a spark 
timing of TDC it would appear that the reason the flame 
does not burn the mixture in the exhaust valve corner of 
the engine is because the dilution has reached the upper 
limit that will permit combustion. Dilution is probably 
not the cause for the unburned portion of mixture for the 
air-fuel ratios richer than 12.5 since the measured dilution 
appears to be well in the range of dilution that should 
permit combustion. High speed motion pictures at these 
conditions have shown that unburned mixture is swept out 
the exhaust valve when it opens at 140°ATC. The failure 
to burn, therefore, has a simple physical explanation—the 
unburned mixture was swept out the exhaust valve be- 
fore it had a chance to burn. The advanced spark provides 
a longer burning time and a good correlation was ob- 
tained between the engine results and Jones’ and Gilli- 
land’s results for air-fuel ratios as rich as 9. 

The fact that the limiting value of the exhaust gas dilu- 
tion for a given air-fuel ratio is nearly the same in the tube 
and in the engine would indicate that residual gas dilution 
is a major factor limiting complete inflammation of the 
mixture in the quartz window engine operated at high 
intake vacuums. 

Many differences exist between the conditions used in 
the tube and those present in the engine. One difference 
is the fuel used.,In the engine the fuel was isooctane, and 
in the tube work the fuel was gasoline. Jones and Gilli- 
land) found no effect on the ignition limits when using 
3 different gasolines of widely different octane number 
and volatility. Pressures were also different in the two 
cases. The pressures present in the engine ranged from 
a maximum of 4.7 atmospheres to a minimum of about 
.25 atmospheres, while the tube experiments were con- 
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Fig. 15. Comparison of exhaust gas dilution 
in exhaust valve corner with limiting exhaust 
gas dilution in a tube. 


ratio = 0.44). 


ducted at “reduced pressure.” Jones and Kennedy‘® 
investigated the effect of pressure on the inflammability 
limits of natural gas-air mixtures with no dilution. The 
results of this work showed little effect of pressure within 
the range of pressures used in the engine and in the tube 
work. Another difference in the two cases is the diluting 
exhaust gas. In the tube work the exhaust gas was appar- 
ently a dry mixture of 85°% nitrogen, 15% CO, for all 
air-fuel ratios; while the exhaust gas diluent in the engine 
is a mixture containing N,, H,O, CO, CO,, and H,, de- 
pending on the air-fuel ratio. The effect of the differences 
in exhaust gas in the two cases has not been evaluated, 
and in particular the effect of the difference in the amount 
of H,O present could be significant. 

If the boundary of the region within which the flame 
burned throughout is mainly determined by the limiting 
dilution that will permit burning, a change in the dilution 
would cause a corresponding change in the position of 
the boundary of the region within which the flame burned 
throughout. The “over-all dilution” of the oxygen-fuel 
mixture in the combustion chamber comes from two 
sources: (1) the nitrogen which accompanies the oxygen- 
fuel mixture fed to the engine, and (2) the residual ex- 
haust gas. One way to change the over-all dilution of the 
oxygen-fuel mixture, therefore, would be to change the 
per cent nitrogen in the intake “air”. This was done by 
adding nitrogen or oxygen to the intake surge tank. 

As indicated in Fig. 16 the added gas passed from a gas 
cylinder through a needle valve to the wet test meter. 
From the wet test meter it passed through a second 
needle valve into the surge tank of the air system. By ad- 
justing the two needle valves it was possible to obtain the 
desired rate of flow and to maintain the pressure between 
the valves at approximately atmospheric. 

The procedure followed was to adjust the air flow and 
added gas flow to obtain a given oxygen-nitrogen ratio in 
the inlet charge and also to obtain a given manifold vac- 
uum. The fuel flow was then changed to obtain a range of 
oxygen-fuel ratios to determine the misfire limit and the 


(6) Jones, G. W., and Kennedy, R. E., “Inflammability of Natural 
Gas; Effect of Pressure upon the Limits,” U. S. Bureau of Mines, 
R. I. 3798, February, 1945. 
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Fig. 16. Apparatus for adding oxygen or 
nitrogen to intake air. 


Fig. 17. Misfire limit and region within which 
flame burned throughout with extra oxygen 
added to intake air. (Oxygen-nitrogen weight 
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range of oxygen-fuel ratios within which the flame appu:r- 
ently burned throughout the chamber. By repeating tiiis 
procedure for several different manifold vacuums, a p ot 
of the misfire limit and the region within which the flaine 
burned throughout was obtained. A plot for an oxygcn- 
nitrogen weight ratio of 0.44 (oxygen-nitrogen ratio of tir 
is 0.30) is shown in Fig. 17. A plot for an oxygen-nitrog en 
ratio of 0.26 is shown in Fig. 18. The plots shown in Fizs. 
3, 17, and 18 are shown superimposed in Fig. 19. It was 
necessary to change the abscissa of Fig. 3 from air-fuel 
ratio to oxygen-fuel ratio for Fig. 19. 

In Fig. 19 it can be seen that a decrease in the over-all 
dilution of the charge from that given by air, by increasing 
the oxygen-nitrogen ratio to 0.44, widened and lowered 
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Fig. 18. Misfire limit and region within which flame burned through- 
out with extra nitrogen added to intake air. (Oxygen-nitrogen weight 
ratio = 0.26). 
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Fig. 19. The effect of a change in the overall dilution on the misfire 
limit and on the region within which the flame burned throughout. 


the range of air-fuel ratios and manifold vacuums within 
which the flame burned throughout. An increase in the 
over-all dilution of the charge by decreasing the oxygen- 
nitrogen ratio below that of air, narrowed and raised the 
range of air-fuel ratios and manifold vacuums within 
which the flame burned throughout. Thus, these results 
appear to confirm qualitatively the hypothesis that the 
boundary of the region within which the flame burned 
throughout was primarily determined by the dilution of 
the mixture. 

Reviewing the results of Fig. 19 in more detail, how- 
ever, yields the following argument: Consider a point on 
the ‘plot; for example, the bottom point of the boundary 
for complete burning at an oxygen-nitrogen weight ratio 
of 0.30 designated by an “X” on the plot. If the oxygen- 
nitrogen ratio of the charge is changed to 0.26 by replac- 
ing some of the oxygen-fuel mixture by nitrogen, it is 
apparent that at point X the nitrogen is now a larger 
proportion of the charge, but also the concentration of 
fuel and oxygen (moles/unit volume) has been decreased. 
Thus, the failure to burn may be due either to the in- 
creased dilution or to the lower concentration of reactants. 
Similarly at point X, but with an oxygen-nitrogen ratio 
of 0.44, the over-all dilution is lower and the concentration 
of reactants is higher. Whether the failure to burn then is 
due to the dilution effect or to the change in the concen- 
tration of reactants cannot be determined from the data 
shown in Fig. 19; although the correspondence between 


the residual dilution values obtained in the engine and the © 


values of “exhaust gas” dilution that prevent inflamma- 
tion in a tube would indicate that the dilution effect is the 
limiting factor. 
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LAST CYCLE BEFORE IGNITION TURNED OFF 
TYPICAL CYCLE 


CRANK ANGLE 


INTAKE MANIFOLD VACUUM 23.4” OF Hg., AIR-FUEL RATIO 10.6, SPARK 
TIMING TDC. 


Fig. 20. Sequence showing effect of interrupted ignition on flame 
propagation (Fig. 20-22). 


In Fig. 19 it may be seen that the misfire limit was 
affected by a change in the over-all dilution in the same 
manner as the boundary of the region within which the 
flame apparently burned throughout. Evidently the igni- 
tion of the mixture is determined by the same variable(s) 
that control complete inflammation. 

Perhaps the most striking evidence of the role of dilu- 
tion is given in Fig. 20, 21, and 22. The flame photographs 
shown in these figures were obtained with a manifold 
vacuum of 23.4 in. of mercury and an air-fuel ratio of 
10.6. These engine conditions, incidentally, are the same 
as those for point 3 in Fig. 4. At these engine conditions 
the flame did not normally burn throughout the combus- 
tion chamber. Flame photographs of a typical cycle are 
shown in Fig. 20. The ignition was turned off for 4 cycles 
to allow the engine to purge itself of exhaust gas. The 
ignition was then turned on and the flame photographs 
shown in Fig. 21 were obtained from the first cycle after 
the ignition was turned on. For this cycle the exhaust gas 
dilution was low and the flame burned throughout the 
combustion chamber. It can be noted by comparing Fig. 
20 and 21 that the flame was brighter and the apparent 
flame speed was greater with the low dilution. Flame 
photographs of the second cycle after the ignition was 
turned on are shown in Fig. 22. The exhaust gas dilution 
in this second cycle is relatively high due to the complete 
combustion of the preceding cycle. With this high dilu- 
tion the flame burned only a small portion of the mixture 
as may be seen in Fig. 22. 

Again this experiment did not separate the effects of a 
change in dilution and a change in concentration of re- 
actants, since the manifold pressure was maintained con- 
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FIRST CYCLE AFTER IGNITION TURNED O 
LOW DILUTION . 


CRANK ANGLE 


INTAKE MANIFOLD VACUUM 23.4” OF Hg., AIR-FUEL RATIO 10.6, SPARK 
TIMING TDC. 


Fig. 21 


SECOND CYCLE AFTER IGNITION TURNED 
HIGH DILUTION 


CRANK ANGLE 


INTAKE MANIFOLD VACUUM 23.4” OF Hg., AIR-FUEL RATIO 10.6, SPARK 
TIMING TDC. 
Fig. 22 


Sequence showing effect of interrupted ignition on flame propagation ( Fig. 20-22). 


stant while the proportion of reactants and residual in 
the chamber was varied. Similar to the argument outlined 
previously, the inflammability of the mixture may have 
been determined by the concentration of the reactants. 

Another experiment was made to determine if a con- 
centration of reactants lower than the concentration of 
reactants at engine conditions near the bottom of the 
boundary of the region within which the flame burned 
throughout could be made to burn. A point at the bottom 
of the boundary was selected because it would have the 
lowest concentration of reactants of any point on the 
boundary and would provide the most critical test. If a 
mixture with a concentration of reactants lower than the 
concentration of reactants for the point just mentioned 
could be made to burn throughout, the possibility that 
complete inflammation of the mixture in the engine was 
limited by a critical concentration of reactants could be 
rejected. 

Operating the engine at the highest possible vacuum 
with no burned product dilution appeared to afford the 
best possibility of accomplishing this. Accordingly, the 
interrupted ignition experiment described above was ex- 
tended. It was found that when the engine was operated 
with an intake manifold vacuum of 26.2 in. of mercury 
(the highest manifold vacuum which the engine could 
pull) the flame would burn throughout the chamber for 
one cycle only; thereafter, the engine would not fire for a 
considerable length of time. The reason for this was that 
the residual fraction was close to one, and the burned pro- 
ducts of the fired cycle oscillated back and forth in the 
engine and manifolds. If the burned products were cleared 
from the system, the engine would again fire for one cycle. 
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To aid in clearing the burned products, the exhaust mani- 
fold was removed at the block and the intake manifold 
was closed about a foot from the block. Fuel was metered 
through a needle valve into this short section of intake 
manifold. Upon turning the engine over, the intake vac- 
uum rose immediately to 26.2 in. of mercury (1.7 psia). 
The spark ignition was then turned on and the fuel flow 
was adjusted until the engine fired. At an optimum fuel 
rate the engine would fire every second or third cycle, 
burning the mixture completely. After a cycle in which 
the flame burned throughout it took about one cycle to 
replace the residual burned products with sufficient air 
for combustion, since all the air for combustion entered 
through the exhaust port. Thus it was found that the 
flame would burn throughout the chamber when the in- 
take manifold pressure and the pressure at the beginning 
of compression was 1.7 psia. 

At an intake vacuum of 21.3 in. of mercury (3.9 psia) 
and an air-fuel ratio of 12.5, the flame did not burn 
throughout the chamber when the engine was operated 
normally as may be seen in Fig. 13. The residual fraction 
for these engine conditions was 0.24 (from Fig. 14). There- 
fore, the partial pressure of the reactants at the begin- 
ning of compression was about 3 psia. 

Making the simplifying assumption that the concentra- 
tion of the reactants is proportional to the partial pressure 
of the reactants, it is apparent that the concentration of 
reactants is less in the case where the partial pressure of 
reactants was, at most, 1.7 psia than in the case where the 
partial pressure of the reactants at the beginning of com- 
pression was 3.0 psia. Since the flame burned throughout 
the chamber when the partial pressure of the reactants 
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was 1.7 psia, the failure of the flame to burn throughout 
when the partial pressure of the reactants was 3.0 cannot 
be attributed to too low a concentration of reactants. 

Similarly, if the partial pressures of the reactants for the 
conditions considered in Fig. 19 were known, it could be 
determined whether the effect of the added nitrogen was 
due to the increased dilution or to the decreased concen- 
tration of reactants. Unfortunately, the residual gas frac- 
tion was not determined for these conditions, and therefore 
the partial pressures of reactants were not known. How- 
ever, the lowering of the limits when oxygen was added 
cannot be due to a concentration effect, since it has been 
shown that the concentration of reactants for the “air” 
curve (oxygen-nitrogen ratio = 0.30) was not a threshold 
concentration, and with oxygen added (oxygen-nitrogen 
ratio = 0.44) the concentration of reactants at a given 
point, X, is greater than that for air. 

‘he experiments described above indicate that dilution 
is un important factor in preventing the complete inflam- 
mation of the mixture; however, the possibility that the 
incomplete inflammation may be partly due to pressure 
and/or other unknown factors has not been entirely 
eliminated. 


Two Devices to Reduce Hydrocarbons in 
Automobile Exhaust Gas 


Assuming that the plot of the misfire limit and the 
region within which the flame burned throughout is 
applicable to present day automobile engines, the single- 
cylinder engine investigation indicates that in most cases 
idle operation is probably within the region in which the 
flame burns throughout. Idle vacuum is usually between 
18 to 20 in. of mercury, so it is necessary only to main- 
tain the air-fuel ratio between 10 and 16. In most in- 
stances the idle air-fuel ratio is undoubtedly within this 
range. One would expect, therefore, that the concentration 
of unburned hydrocarbons in the exhaust at idle would 
be relatively low. 

In addition the single cylinder investigations confirmed 
the findings of previous investigators''?*) who found that 
the high concentrations of unburned hydrocarbons in the 
exhaust gas of engines occur when the engine is operated 
at high intake vacuums (greater than about 21 in. mer- 
cury vacuum). Usually, intake manifold vacuums above 
21 in. of mercury can be attained only by deceleration and 
may be as high as 25 in. of mercury. 

Since the highest concentration of hydrocarbons in the 
exhaust occurs during deceleration, an attempt was made 
to reduce the concentration during deceleration. There 
are at least two ways to modify a carburetor in order to 
reduce the high concentration of unburned hydrocarbons 
found in the exhaust of an engine during deceleration: 


1. The fuel flow may be shut off when the intake mani- 


fold vacuum exceeds about 21 in. of mercury. 


See footnote 1, page 91. 
See footnote 2, page 91. 
See footnote 3, page 91. 
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2. The vacuum may be prevented from reaching the 
values which give high concentrations of unburned 
fuel in the exhaust. 

Two devices, one operating on each principle, were test- 
ed. The device operating on the fuel flow shut-off principle 
was installed on the family car of one of the authors. The 
car was of 1947 vintage and was equipped with a synchro- 
mesh transmission. The mechanical condition of the engine 
was good, having had an overhaul 10,000 miles or one 
year before the test. It was found that with the throttle 
closed (closed to idle position), all of the fuel going into 
the engine passed through the idle circuit of the car- 
buretor. Therefore, to shut off the fuel, it was only neces- 
sary to close the idle circuit. It was realized that at higher 
speeds, deceleration with the throttle held partly open 
might result in fuel passage through the high speed circuit, 
but in view of the facts that the high speed circuit was 
more inaccessible and that the contribution to fuel wasted 
from this source was probably small, it was decided to 
neglect it. 

The second device limited the vacuum attained during 
deceleration by admitting additional air-fuel mixture to 
the manifold when the vacuum tended to rise above 21 in. 
of mercury. This device was installed on a 1954 model car 
equipped with a torque converter type of transmission. 

The effectiveness of the two devices was checked by 
taking exhaust gas samples in evacuated bottles. A steel 
line, 3 ft. in length, was connected to the exhaust manifold 
near the exhaust pipe flange and extended through the 
fire wall to the sample bottles. For the tests, each car was 
decelerated with the throttle closed to idle position from 
50 mi/hr., and samples were obtained at 5-sec. intervals 
after the start of the deceleration. Two such runs were 
made for each car, one with the particular device oper- 
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Fig. 23. Effect of carburetor devices on concentration of hydro- 
carbon in exhaust during deceleration. 
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ative and one with the device inoperative. In every case 
the samples were analyzed (by the method outlined in 
Appendix I) on the same day that they were taken. 

In Fig. 23 are shown plots of concentration of unburned 
hydrocarbons in the exhaust gas (Ibs./ft.2) as functions 
of elapsed time after the start of deceleration for the two 
cars with the devices operative and inoperative. Both de- 
vices reduced the concentration of hydrocarbons in the 
exhaust gas to a low value but did not eliminate it. With 
the devices inoperative the car which was equipped with 
the synchromesh transmission had the largest concentra- 
tion of hydrocarbons in the exhaust gas. This car also had 
a higher intake vacuum at a given car speed than the car 
with the torque converter transmission. The difference in 
the concentration of unburned hydrocarbons in the ex- 
haust of the two cars with the devices inoperative is 
probably largely due to the difference in intake vacuum. 
Thus, Fig. 23 shows a marked reduction in the concen- 
tration of unburned hydrocarbons when either type of 
device is used and in addition shows an effect of trans- 
mission type on the concentration of hydrocarbons in the 
exhaust of standard cars. 

The rate of unburned hydrocarbon emission to the 
atmosphere may be more significant to the air-pollution 
problem than the concentration of hydrocarbon emission 
from a given source. Therefore, in Fig. 24 are shown the 
curves of rate of hydrocarbon emission (Ibs./min.) against 
time after the start of a deceleration from 50 mph. The 
relative positions of the curves obtained with the devices 


inoperative are the same as in Fig. 23; but the relative 
position of the two curves obtained with the two devices 
operative is reversed. This reversal in the relative posi- 
tions of the two curves might be expected since the ex- 
haust gas flow rate was greater in the car with the vacuum 
limiting device than in the car with the fuel shut-off de- 
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TABLE II 


Total Amount of Hydrocarbon Emitted During a Thirty Second 
Interval of a Closed Throttle Deceleration 





Weight Emitted (Ibs.) % 
Device Operative Inoperative Reduction 





Idle Circuit 
Shut-Off 0.4.x 10-* 
Vacuum 


Limited 0.9 x 10-* 














vice. The exhaust gas flow rate was somewhat greater 
since the engine in the car on which the vacuum limiting 
device was installed had a 38 per cent greater displacement, 
than the engine in the car on which the fuel shut-off device 
was installed; however, the larger displacement of the one 
engine did not alone produce the difference in flow rate 
required to give the observed reversal of the relative posi- 
tions of the two curves. The reversal of the relative posi- 
tions of the two curves may be mainly attributed to the 
action of the vacuum-limiting device in permitting more 
air-fuel mixture to pass through the engine. The area 
under each curve in Fig. 24 is proportional to the total 
amount of unburned hydrocarbons emitted during the 30 
sec. period from 5 to 35 sec. after the start of the deceler- 
ation. The amount of hydrocarbon emitted during the 
deceleration in each case and the per cent reduction 
obtained with each device is given in Table II. 


The per cent reduction of hydrocarbon emitted with the 
idle circuit shut-off device is greater than the per cent 
reduction with the vacuum limiting device, partly because 
the idle circuit shut-off was installed on the car that was 
emitting hydrocarbons at the highest rate and therefore 
subject to the greatest improvement. In spite of this fact, 
the total amount of hydrocarbon emitted by this car was 
reduced to less than one-half that obtained with the vac- 
uum limiting device. Unfortunately, all aspects of the 
operation of the devices were not entirely satisfactory, and 
further development work is indicated. 


Another consideration that has no bearing on the air- 
pollution problem but would be important to potential 
owners of automobiles equipped with these devices is the 
effect of the devices on fuel economy. The device which 
shuts off the idle circuit during deceleration has been 
found in preliminary tests to give 2.9°, more fuel 
economy in all-around family driving. The vacuum limit- 
ing device has not been checked for fuel economy, but it 
is probably lower with the device in operation because 
more fuel is used during deceleration with the device in use 
than without it. 


The two devices just described were made for experi- 
mental purposes in the hope that they would point the 
way to a practical means of reducing hydrocarbon emis- 
sion in the exhaust of a decelerating automobile. However, 
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many problems remain to be solved before a device which 
is effective and economical can appear on automobiles. 


Summary 


1. It was found that the abrupt increase in the concen- 
tration of unburned hydrocarbons in the exhaust gas with 
an increase in intake manifold vacuum above about 21 in. 
of mercury corresponded to the initial failure of the flame 
to propagate throughout the mixture. As the proportion 
of the combustion space traversed by flame decreased, the 
per ent of hydrocarbons in the exhaust gas increased. 

2. The value of residual exhaust gas dilution existing 
in t:e engine when the mixture was just failing to burn 
thro aghout the chamber was found to correlate well with 
limi ing values of dilution obtained from the literature. 

3 Changes in the “over-all dilution” of the oxygen-fuel 

ix ure affected the limit of complete inflammation in the 

manner that would be predicted if dilution were a 
x determining the limit. 

It was found that the failure of the flame to burn 
ighout the combustion chamber at the boundary of 
egion within which the flame burned throughout was 
lue to too low a concentration of reactants. 


Therefore, it was concluded that residual gas dilution 

a major factor limiting the complete inflammation of 

> mixture at engine conditions near the boundary of the 
region within which the flame burned throughout. 

6 The concentration and amount of unburned hydro- 


carbon emitted in the exhaust gas of automobiles during 
deceleration were substantially reduced by modifying the 
carburetor in either of two ways, (1) by admitting addi- 
tional air and fuel to the intake manifold during deceler- 
ation, and (2) by shutting off the fuel during deceleration. 
The problem of eliminating all the unburned hydrocarbon 
emission during all driving conditions remains a challenge. 
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Appendix I 


Method for Determining Per Cent Unburned Hydrocarbon in 
Exhaust Gas 


Conventional Orsat equipment was used to determine the per cent 
unburned hydrocarbons (weight per cent of input fuel) in the exhaust 
gas. Exhaust samnles were obtained simultaneously in the burettes of 
two Orsats. Sample I was analyzed in the usual manner for COs, Oz, 
and CO. Sample 2 was also first analyzed for COz. Oxygen was then 
added to Sample 2 and the sample was passed through a catalytic 
furnace to burn all the combustibles to CO. and water. The CO. and 
the remaining O2 were then absorbed, leaving nitrogen. The total 
amount of COz formed when all of the fuel fed to the engine was com- 
pletely burned, even though the fuel was burned partly in the engine 
and partly in the catalytic furnace, was thus determined from the 
analysis of Sample 2. The portion of the fuel burned in the engine was 
determined from the volume per cent CO and COz from the analysis of 
Sample 1, and the per cent hydrocarbon was determined by means of 
the following equation: 


of APCA 


CO.” - CO’ - CO,’ 

ae 

in which CO.” = the total volume per cent CO. obtained 
from the analysis of Sample 2 


x 100 


weight % unburned hydrocarbon = 
8 y 


CO’ =the volume per cent CO obtained from 
the analysis of Sample 1 

CO.’ = the volume per cent COs obtained 
from the analysis of Sample 1 


This method of analysis of the exhaust gas does not differentiate 
between hydrocarbons and partially oxidized hydrocarbons. The weight 
per cent unburned “hydrocarbon” thus obtained includes all carbon 
containing compounds, except CO, which burn to form COs. The 
assumptions necessary for this type of analysis are: 


1. All of the carbon in the fuel entering the engine leaves the engine 
in the exhaust gas as some gaseous product. 


2. No oil is burned in the engine. 


3. The average hydrogen-carbon ratio of the carbon containing 
compounds which burned to form COz in the catalytic furnace 
is equal to the average hydrogen-carbon ratio of the input fuel. 


Appendix II 


Method for Determining Residual Gas Weight Fraction 
From Orsat Gas Analyses 


The experimental data required to determine the residual gas weight 
fraction were the Orsat analysis of the mixture which existed in the 
combustion chamber after the valves were closed and before ignition, 
and the Orsat analysis of the exhaust gas. In addition, air-fuel ratio 
charts similar to those of D’Alleva and Lovell ‘*) were used to deter- 
mine the average molecular weight of the exhaust gas and to determine 
the volume per cent water in the exhaust gas. The air-fuel ratio of the 
input charge was determined by measuring the air flow and fuel flow. 
The sample of the mixture was obtained with a sampling valve on the 
compression-expansion strokes of a cycle in which the spark was not 
fired. The mixture sampling was repeated enough times to obtain 100 
milliliters of unburned mixture in an Orsat burette. Next, a sample of 
exhaust gas was pulled into a second Orsat burette while the engine 
was firing steadily. Both samples were analyzed for COs, Oz, and CO. 

The residual gas fraction, “f’, is defined as the proportion of residual 
gas in the mixture of fuel, air and residual exhaust gas: 

___ weight of residual (1) 
weight of mixture 

Note that the weight of residual includes water formed due to 
combustion and will be referred to hereafter as “wet residual.” The 
mixture may be divided into two parts, wet residual and charge, so 
Equation (1) may also be written: 

weight wet residual _ 
~~ weight wet residual + weight charge 

Air in the charge was assumed to be dry and the COz in air was 
considered negligible. 

To express “f” as a function of the CO, in the exhaust and the CO, 
in the mixture, assume that the proportion of CO, in the residual is the 
same as the proportion of CO. in the exhaust: 

wt. CO, in residual wt. COz in exhaust 


wt. wet residual 


(2) 


wt. wet exhaust 


t. COsz in resi ie 
wt. COs in residual = wt. fraction of COz in wet exhaust (3) 


OT, wt. wet residual 
, pre : wt. CO, in wet residual 
Also, wt. fraction CO, in wet mixture = ——— —— — (4) 


wt. wet mixture 
Divide (4) by (3): 
wt. COz in wet residual 
wt. wet mixture 


wt. fraction CO, in wet mixture 


wt. fraction CO. in wet exhaust 
‘wt. wet residual 
. . . ° ° 
wt. fraction COs in wet mixture wt. wet residual 


or, — : : = a (5) 
’ wt. fraction CO. in wet exhaust wt. wet mixture 


Therefore, from (5) and (1): 
wt. fraction CO. in wet mixture 


ead wt. fraction COs in wet exhaust (6) 








(7) D’Alleva, B. A., and Lovell, W. G., “Relation of Exhaust Gas Com- 
position to Air-Fuel Ratio,” Journal Society of Automotive Engin- 


eers, 38, 90 (March, 1936). 
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The numerator of Equation (6) may be written: 


wt. fraction CO. wet mixture = 
volume COz in mixture X 44 _@) 


“(vol. wet residual) mw. + (vol. charge) mw. 





in which mw. = average molecular weight of exhaust 
mw. = average molecular weight of charge 


Similarly, the denominator of Equation (6) may be written: 


volume CO: in exhaust x 44 _ 
(volume wet exhaust) mz 


Substituting (7) and (8) into (6): 
(vol. COs mixture) x 44 
(vol. wet residual) mw. + (vol. charge) mw. 5 
ia (vol. COs in exhaust) x 4 ) 
(vol. wet exhaust) mw. 





wt. fraction CO. wet exhaust = (8) 











To express the volume of wet residual and the volume of charge 
in terms of the volume of wet mixture and to further simplify Equa- 
tion (9), assume that the volume percentage of CO: in the residual 
equals the volume percentage of COs in the exhaust: 


vol. COz residual vol. COz exhaust 
vol. wet residual vol. wet exhaust 


vol. COz residual 


—_———_—— =vol. fraction of CO. in wet exhaust (10) 
vol. wet residual 


’ 


vol. COs in mixture (11) 
vol. wet mixture 





Also, vol. fraction COz in wet mixture = 


Define “M” as, 


vol. fraction CO. in wet mixture 
M= : —— (12) 
vol. fraction COz in wet exhaust 





Substituting (10) and (11) into (12): 
vol. CO, in mixture 
vol. wet mixture 














M = vol. COz in residual (13) 
vol. wet residual 
Since vol. COz in mixture = vol. CO, in residual, Equation (13) 
may be simplified: 
#8 vol. wet residual vol. wet residual (14) 
vol. wet mixture vol. wet residual + vol. charge 
Therefore, 
volume wet residual = M (volume wet mixture) (15) 
and, volume of charge = (/-M) (volume wet mixture) (16) 


Substituting (15) and (16) into (9), 
(vol. COz in mixture) 44 





M (vol. of wet mix.) mwe + (1-M) (vol. wet mix. )mwe (17) 


























f= (vol. COs in exhaust)44———i«‘«*« 
(vol wet exhaust) mw. 
[ ~ vol. CO: in mixture _ | “ RES es: | 

fan _vol. wet mixture | M(mw.) + (1-M) mw. laa 
mais mee | COz in exhaust | | 44 ) 

vol. wet exhaust | ¥ MU'e 

The first term in Equation (18) is M, therefore: 
gets M(mw.) (19) 





M(mw.) + U-M)mx- 


AUGUST 1955 


“M” may be expressed in terms of dry, volume percentages obtained 
with the Orsat as follows: 


vol. COz in dry mixture sample 
volume wet mixture sample 











By definition, M = (20) 


_vol. COs in dry exhaust sample 


volume wet exhaust sample 


Considering first the denominator of Equation (20), volume wet 
exhaust sample = volume dry exhaust sample + volume of water 
vapor, and the volume of water may be determined from the volume 
per cent of water in the burned products “Z”. 

100Z 


CE. ~ 21 
volume of water = 100-2 : (21) 


if a 100 ml. dry exhaust sample is assumed. Then the denominator 
of Equation (20) may be written as: 


vol. COz in dry exhaust sample 





100Z 
ei SX 
(100 -Z) (vol. COz in dry exhaust sample) 





or, (2. ) 


(100)? 

To simplify the numerator of Equation (20) the volume of the wet 
mixture sample may be expressed in terms of the volume of the dry 
mixture sample, M, and Z: 


volume wet mixture sample = vol. dry charge + vol. dry residua 
vol. water, and assume vol. dry charge + any dry residual = /00 
Equation (14) may be written: 


pa volume dry residual + volume water Q 
100 + volume water B 





By definition, 
(volume water) 100 





*~ volume dry residual + volume water 


Combine Equations (23) and (24) to obtain 
100 MZ 


volume water = ————- (25) 


100 - MZ 
and the numerator of Equation (20) becomes 


volume CO: in dry mixture sample 


100 MZ 
100 + 99 -MZ 


(100 - MZ) (volume CO: in dry mixture : sample) 
or, SS : — (26) 
(100)? 
Thus, putting Equations (26) and (22) into Equation (20): 
i (100 - MZ) (vol. COz in dry mixture sample) (27) 
~~ (100 -Z) (vel. COz in dry exhaust sample) _ 
Solving (27) for M: 
if } 
ee. 100 (vol. COz in dry mixture sample) (28) 
100 (vol. COs in dry exhaust) + 
Z (vol. COs dry mixture - vol. COs dry exhaust) 
Substituting Equation (28) into (19) and simplifying: 
os, (mee) 








[CO.] (mwe) + (FCO: 2 —{C0: r (3) Ssoans 
where [COz] = volume CO: in mixture sample 
[CO:], = volume COz in exhaust sample 
mw = average molecular weight of exhaust 
mee = average molecular weight of charge 


Z = volume per cent water vapor in burned products 
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The Composition of Exhaust Gases from Diesel, Gasoline 
and Propane Powered Motor Coaches* 


Martin A. Exxiott, Gerce J. NEBEL AND Frep G. Rounps 
General Motors Research Laboratories 
Detroit, Michigan 


Air-pollution studies have shown that certain con- 
stituents in exhaust gases from automotive vehicles may 
react in the atmosphere to form smog-type pollutants. 
As : result, considerable effort has been made to deter- 
mine the composition of these exhaust gases with par- 
ticular emphasis on trace constituents, such as hydro- 
car)ons and oxides of nitrogen. Most of this experimental 
work has been conducted on passenget cars with little 
sim'lar work being done on motor coaches. However, 
there is considerable interest in the composition of motor 
coach exhaust gases on the part of manufacturers and 
operators. Their interest is caused by a desire to manu- 
facture and operate equipment which contributes least 
to air pollution. 

‘| his report compares motor coaches powered by 2- 
cycle Diesel, gasoline, and propane engines with respect 
to their emission of objectionable exhaust gas constituents. 
The tests were made under road operating conditions 
typical of normal coach operation. 


Constituents of Exhaust Gases From Internal 


Combustion Engines 


The exhaust gases from internal combustion engines 
are complex mixtures consisting principally of the products 
of complete combustion, small amounts of the oxidation 
products of sulfur and nitrogen, and compounds derived 
from the fuel and lubricant. The major and minor con- 
stituents are listed in Table I. 

In relation to air pollution, exhaust gas constituents 
may be divided into 3 classifications: 


TABLE I 
Constituents of Internal Combustion Engine Exhaust Gases 





Minor Constituents 
(less than 1%) 


Major Constituents 
(greater than 1%) 
Water, H:O 
Carbon dioxide, CO» 
Nitrogen, Ne 
Oxygen, Oz 
Carbon monoxide, CO(a) 
Hydrogen, He a) 


Oxides of sulfur, SOs, SOs 
Oxides of nitrogen, NO, NO: 
Aldehydes, HCHO, etc. 
Organic acids, HCOOH, etc. 
Alcohols, CH;OH, etc. 
Hydrocarbons C,hHm 

Carbon monoxide, CO‘b) 
Hydrogen, H2‘b) 

Smoke 








(a) Spark ignition engine 
(b) Diesel engine 


*Presented at the 48th Annual Meeting of the Air Pollution Control 
Association, Detroit, Michigan, May 22-26, 1955. 


of APCA 


1. Harmful to health 
2. Objectionable 
3. Potentially objectionable 


Certain constituents may be placed in more than one 
of the above classifications. 


Some typical harmful exhaust gas constituents and their 
permissible concentration for a continuous 8-hour expo- 
sure are shown in Table II. 


The objectionable constituents are either odorous or 
irritating, and include aldehydes and other compounds 
resulting from the partial oxidation or reaction of the 
fuel. The latter compounds may appear as smoke. 

The potentially objectionable constituents are those 
materials which may react directly or indirectly to form 
irritating and lachrymating pollutants. Since it has been 
shown that certain hydrocarbons may react in the pres- 
ence of oxides of nitrogen and ozone to form eye and 
nose irritants, hydrocarbons must be considered in this 
classification. 


The subsequent discussion is limited to carbon mon- 
oxide, oxides of nitrogen, formaldehyde, and hydrocarbons 
since these compounds are believed to be of greatest im- 
portance to air pollution. 


Experimental Procedure 
Selection of Coaches 


Three coaches of each engine tyne, 2-cycle Diesel, gaso- 
line, and propane, were selected from the Chicago Transit 
Authority’s operating fleet. The physical size and pas- 
senger capacity of the different model coaches were about 
the same. The selection of the individual coaches was 
made on the basis of the fuel and lubricating oil con- 
sumption being close to the average for their type. No 
engine adjustments were made prior to the tests. De- 


TABLE II 
Threshold Limits for Continuous 8-Hour Exposure (a) 





Per Cent 
by Volume | 


Parts Per 
Million by Volume 


Constitutent 


Carbon dioxide 0.5 | 5000 
Carbon monoxide 010 100 
Sulfur oxides (SOz) .0010 10 
Formaldehyde 0005 5 
Nitrogen oxides 0005 5 








(a) Adopted by the American Conference of Governmental Industrial 
Hygienists, April 24, 1954. 
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TABLE III 
Description of Coaches Tested 








Coach Pas- Com- Engine Range of 
Desig- senger Engine pression Displace- | Miles Since 
eaiia Capa- Type Ratio of ment, Last Major 
city Engine In* Overhaul 
yal . Al St 45 Diesel 16.0 426 126,000 to 
(2-cycle) 217,000 
D, Eee, 44 Gasoline 6.0 707 208,000 to 
217,000 
G, H, I 50 Propane 9.5 477 (a) 




















(a) These coaches were new and had operated 21,000 to 27,000 miles 
without overhaul. 


scriptive information on the 3 types of coaches is shown 
in Table III. 
Operating Conditions 

Each coach was tested under idling conditions and 
while operating on city streets under accelerating, cruis- 
ing, and decelerating conditions. The acceleration test 
was made at full throttle up a slight grade at speeds less 
than 15 mi./hr. The cruising test was made with the 
coach operating in direct drive on a level street at 30 
mi./hr. The decelerating test was made with the coach 
operating in direct drive on a slight down grade at 25-30 
mi./hr. 

Sampling Procedures 

Two samples of the exhaust gases were collected in 
evacuated 250 ml. sampling tubes for analysis by mass 
spectrometer and by Orsat apparatus. Duplicate samples 
for determination of the concentration of total oxides 
of nitrogen and formaldehyde were collected in evacuated 
500 ml. bottles containing suitable absorbing solutions. 

The exhaust gas was sampled upstream from the muffler 
and as near the exhaust manifold as possible. The ex- 
haust gas flowed from the sampling point through copper 
tubing to the sampling manifold. (See Fig. 1.) The 
sampling line to the manifold was continuously purged 
by the normal flow of exhaust gas resulting from the 
back pressure in the exhaust system. When samples were 
taken, the discharge end of the manifold was closed to 
prevent contamination of the samples with air. 

Samples were taken when the coach reached the desired 
operating condition. Approximately 2 to 5 sec. were re- 
quired to fill the evacuated bottles. 

Analytical Procedures 

Samples were analyzed by the mass spectrometer pri- 
marily to determine the concentration of hydrocarbons, 
although the concentrations of the major constituents 
were also reported. Carbon dioxide, oxygen, and carbon 
monoxide were also determined by Orsat analysis. It is 
believed that the Orsat determinations of these 3 con- 
stituents, particularly carbon monoxide, are the more 
reliable and consequently were used in calculations. 

ee was determined by a modification of 


q) Bersey, R W., Maddocks, J. R., and Johnson, £8: 
mination of Small Amounts of Formaldehyde i in Air,” 
65, 203-06 (1940). 


“The Deter- 
’ The Analyst, 
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the phenylhydrazine-ferricyanide method described by 
Kersey, Maddock, and Johnson“). The total oxides of 
nitrogen (except N,O) were determined by the phenol 
disulfonic acid method described by Beatty, Berger, and 
Schrenk'?). Both are relatively sensitive colorimetric tests, 
Exhaust-Gas Flow-Rate Measurement 

In order to calculate the total quality of any exhaust- 
gas constituent discharged per unit time, it is necessary to 
know the exhaust gas flow rate as well as the concentra- 
tion of the constituent. The direct measurement of ‘he 
exhaust-gas flow rate of a moving vehicle is difficult. 
Accordingly, it seemed advisable to use a dilution met r- 
ing technique. Helium was. admitted to the air int: ke 
of the engine through a rotameter at a known rate j ist 
prior to and during the sampling period (Fig. 1.) ‘| he 
concentration of helium in the exhaust was determined by 
mass spectrometric analysis. Thus it was possible to 
calculate the exhaust-gas flow rate. Previous laboratc ry 
studies indicated that the addition of as much as 3°% of 
helium had little or no effect on engine performance. 

Experimental Results 

The experimental results for the 3 coaches of ezch 
type have been averaged and, for simplicity, only these 
averages will be considered in the following discussion. 
Complete experimental data for each coach are presented 
at the end of the report in Tables VI, VII, VIII and 1X. 

For each of the 4 constituents, both the concentration 
in the exhaust gas and the total rate of emission are pre- 
sented. Exhaust gas composition is useful for comparing 
the concentration of the harmful constituents with the 
permissible toxic limits. However, in relation to air pollu- 
tion, the total quantity of an exhaust gas constituent 
discharged per unit time is most significant. If the total 
quantities of an exhaust gas constituent are known, com- 
parisons of emission from vehicles in comparable service 
but powered by different types of engines can be made. 
Carbon Monoxide 

The concentration of carbon monoxide observed in the 
various tests is shown in Fig. 2. Under all driving condi- 
(2) Beatty, R. L., Berger, L. B., and Schrenk, H. H., “Determination 


of the Oxides of Nitrogen by the Phenoldisulfonic Acid Methods,” 
Bureau of Mines, Report of Investigations No. 3687, (1943). 
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tion. the exhaust gases from Diesel engines contained less 
thar 0.1°4 carbon monoxide, whereas the carbon mon- 
oxid» concentrations in the exhausts of the carbureted 
engi ies ranged from 1.5 to 12°. The reason for this dif- 
ferer'ce is the well-known fact that carburgted engines gen- 
erally operate with a deficiency of air whereas Diesel 
engiies always operate with a substantial excess of air. 
In these tests the concentration of carbon monoxide in 
the .xhaust from the propane coaches was generally less 
than that from the gasoline coaches. Since the vehicles 
wer tested with the carburetor adjustments “as re- 
ceived,” no generalizations should be made from these 
tests concerning the relative merits of the gasoline and 

propane coaches. 

The concentration of an exhaust-gas constituent alone is 
not indicative of the contribution of the constituent to 
the over-all air-pollution problem because of the wide 
variations in exhaust-gas flow rate with different engine 
types and different operating conditions. What is im- 
portant is the amount of the constituent discharged per 
unit time. Fig. 3 shows the carbon monoxide emission 
expressed in standard cubic feet, at 60°F. and 1 atmos- 
phere, per hour (scfh.) The average emission of carbon 
monoxide for the Diesel coaches was less than 15 scfh. 
under all driving conditions whereas the amount dis- 
charged by the carbureted engines ranged from about 


40 to 290 scfh. 
Oxides of Nitrogen 


The concentrations of oxides of nitrogen observed 
these tests for the various types of coaches and driving 
conditions are illustrated in Fig. 4. During cruise and 
acceleration, average oxides of nitrogen concentrations 
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ranged from about 200 to 2000 ppm. but at idle and 
deceleration the concentrations were below 60 ppm. These 
observations are consistent with thermodynamic predic- 
tions that higher combustion chamber temperatures favor 
the formation of oxides of nitrogen. 

Fig. 5 shows the emission of oxides of nitrogen. From 
4 to 24 scfh. were discharged to the atmosphere during 
cruise and acceleration, whereas during idle and deceler- 
ation the amount discharged was less than 0.5 scfh. In 
these tests no one engine type consistently discharged 
more or less oxides of nitrogen than the other two types. 
Formaldehyde 

The concentration of formaldehyde shown in Fig. 6 is 
an indication of the amount of partially oxidized hydro- 
carbon in the exhaust. The average formaldehyde concen- 
trations were less than 30 ppm. with the exception of the 
carbureted engines during deceleration. At that condi- 
tion, the formaldehyde concentrations were appreciably 
higher, up to 300 ppm. 

The amount of formaldehyde discharged to the atmos- 
phere, illustrated in Fig. 7, ranged from 0.025 to 0.75 
scfh. The deceleration driving condition was the most 
critical for the carbureted engines, whereas for the Diesel 
engines high emission rates were observed at both acceler- 
ation and deceleration. 

Aldehydes have been used as a measure of the odor 
intensity of exhaust gases from a particular type of 
engine. It should not be inferred from this that aldehydes, 
especially formaldehyde, can be used as a criterion for 
the odor intensity of exhaust gases frorfi different types of 
engines burning different fuels. A discussion of this subject 
is beyond the scope of this paper but this problem is being 
actively investigated in this laboratory. 
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Fig. 8 
Hydrocarbons 

In the previous discussion, the concentration of the 
exhaust gas constituents has been expressed as per cent 
or ppm. by volume. For hydrocarbons, such a method 
of expressing concentration is not satisfactory for com- 
parative purposes because the average molecular weight 
of the hydrocarbons in exhaust gas is not constant. A 
more satisfactory basis is to express the hydrocarbon con- 
centration in terms of weight per unit volume of exhaust. 
Such data are illustrated in Fig. 8. The observed hydro- 
carbon concentrations ranged from less than 0.04 Ilb./Mft.* 
of exhaust during cruise to more than 2.3 Ib./Mft.* of 
exhaust during deceleration. The similarity of the data 
for the carbureted engines in Fig. 6 and 8 suggests that 
the engine conditions giving rise to high hydrocarbon 
concentrations also favor the formation of formaldehyde. 

Of more importance to the over-all air-pollution prob- 
lem is the total amount of hydrocarbon discharged to the 
atmosphere per unit time. A comparison of the 3 different 
engine types at each driving condition is shown in Fig. 9. 
At deceleration, the carbureted engines discharged from 
2.7 to 6 lb./hr. compared to 1 lb./hr. for the Diesel 
engines. For the other driving conditions there was little 
difference among the various engine types with emission 
rates ranging from 0.2 to 0.9 lb./hr. 

The weight per cent of the supplied fuel present in the 
exhaust gases as C, to C, hydrocarbons is one indication 
of the combustion efficiency of the engine. The data in 
Fig. 10 show that for all types of engines less than 2°, 
of the supplied fuel is wasted during cruise or acceleration, 
whereas more than 34% of the supplied fuel is wasted 
during deceleration. With the exception of the Diesel 
at idle, the various types of engines appear quite similar 
on this basis. However, the data in Fig. 9 show that the 
amount of hydrocarbons found in the exhaust of Diesel 
engines under decelerating conditions was smaller than 
that in carbureted engines and comparable at idle. 


TABLE IV 
Typical Motor Coach Driving Patterns 





Per Cent of Time Spent at 
Idle Accel. Decel. 


35 15 30 
25 20 30 
30 15 40 





Cruise 
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Discussion 

Driving condition has a marked effect on the emis;ion 
rate of all constituents. Furthermore, the relative oder 
of the coaches was not the same at all driving conditi ns, 
except for carbon monoxide emission. Therefore, for the 
other constituents, it is necessary to take into accc.unt 
the time spent at each driving condition when compa ‘ing 
the coaches. 

An indication of the importance of driving condi-ion 
may be obtained from the following example. Consider 
two identical gasoline coaches operating either (a at 
constant speed corresponding to the 30 mph. cruise condi- 
tion, or (b) alternately accelerating and decelerating. 
While the carbon monoxide emission for the two coaches 
would be about the same, the emission of oxides of nitro- 
gen from the cycling coach would be double, the forinal- 
dehyde emission 9 times, and the hydrocarbon emission 
20 times that from the coach operating at constant speed. 

Some typical city driving patterns for motor coaches 
are given in Table IV. 

These driving patterns are based on rush-hour and off- 
hour operation in both downtown and residential areas. 
Their similarity suggests that comparisons of the different 
engine types based on one driving pattern are applicable 
to most city operation. 

The total emission per hour of each constituent based 
on the City A driving pattern is shown in Table V. 

These data show that the Diesel coaches produced sub- 
stantially Jess carbon monoxide than either the propane 
or gasoline coaches. With respect to the other constit- 
uents, no such large differences were observed, and the 
relative rank of the different coaches was not consistent. 
For example, the gasoline coaches produced the least 
quantity of oxides of nitrogen; the propane coaches, the 
least formaldehyde; and the Diesel and propane coaches, 
the least hydrocarbons. At the other extreme, the pro- 


TABLE V 
Total Hourly Emission Based on City A Driving Pattern 





Carbon Oxides of 
Monoxide Nitrogen dehyde 


SCFH SCFH SCFH 


Diesel 2 5.4 0.24 
Gasoline 194 3.8 0.17 
Propane 96 49 0.11 


Hyd ro- 


carbons 


Formal- 
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pane and Diesel coaches produced the greatest quantity 
of oxides of nitrogen; the Diesel coaches, the most formal- 
dehyde; and the gasoline coaches, the most hydrocarbons. 

The Diesel coaches were markedly superior with re- 
spect to carbon monoxide emission. There was compara- 
tively little difference between coach types in the over- 
all emission of the other constituents. 


Summary 
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1. The carbon monoxide emission from the 


\aust-gas samples were obtained from Diesel, gaso- 
nd propane-powered motor coaches of similar pas- 

capacity under idling, accelerating, cruising, and 
rating driving conditions. The samples were anal- 
for carbon monoxide, oxides of nitrogen, formal- 
e, and hydrocarbons. In addition, the exhaust-gas 
‘ates were measured to permit calculation of the 
on rate for each constituent at each driving condi- 
Based on a typical city driving pattern, it was con- 
1 that: 


Diesel 


TABLE VI 


coaches was only a small fraction of that from the 
gasoline and propane coaches. 
The differences observed in the emission of oxides 
of nitrogen, formaldehyde, and hydrocarbons by the 
3 coach types were relatively small. No one coach 
type discharged either the greatest or least amounts 
of all of these 3 constituents. 
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Summary of Experimental Results at Idle 





Exhaust 
Flow 
SCFM 
Diesel 98 
(2-cycle) 95 
159 


Engine Carbon Monoxide 


Type 


vol % vol % 


SCFH > 
0.0 0 
0.0 0 
0.0 0 


0.0 0 


27 13.85 
25 11.15 
29 10.1 


11.7 


Propane 15 3.65 
13 8.0 
15 3.75 


5.1 


0.047 
0.017 
0.053 


0.039 


0.983 
0.304 
0.163 


0.483 


0.176 
0.359 
0.189 


0.241 


Average 


Gasoline 


Average 




















Average 


Hydrocarbons 


Ibs/SCF-10° 


61.6 
23.1 
66.4 
50.4 
602 
152 
124 
293 
183 
281 
205 
223 


Formaldehyde 


Oxides of Nitrogen 


°%, UBF | lbs/hr | P.P.M. | SCFH | P.P.M. | SCFH 





0.363 60 
0.132 50 
0.633 


0.376 


0.975 
0.228 
0.215 


0.473 


0.164 
0.219 
0.184 


0.189 


0.353 6 
0.285 
0.648 
0.429 


0.074 
0.023 
0.066 


0.054 


0.081 
0.019 
0.024 


0.041 


0.035 
0.023 
0.162 
0.073 


0.117 
0.018 
0.009 
0.048 
0.022 
0.027 
0.027 


0.025 


14.4 
5.4 
15.4 


17 


Fa i 
2.2 
1.8 
3.9 
$5 
4.6 
i 
3.9 























TABLE VII 
Summary of Experimental Results at Acceleration 





Sadine Exhaust 


Flow 
| Type | scr 


Carbon Monoxide 
Vehicle 


‘vol % | SCFH | vol%_ 
0.0 0 
0.1 27.7 


0.05 15.9 
0.05 14.5 


2.8 217 
2.2 357 
a2 288 


287 


267 
205 
369 


280 


| Diesel 
(2-cycle) 


447 
461 
529 


0.018 
0.023 
0.021 


0.021 


0.202 
0.051 
0.036 


0.096 


0.024 
0.040 
0.052 


0.039 


Average 
129(a) 
271 

123 (a) 


Gasoline 


3.0 
2.7 


Average 
165 


112 
127 


Propane 


4.8 


Average 3.5 




















Hydrocarbons 


Ibs /SCF-10° 


20.5 
30.1 
21.3 
24.0 


174 
66.2 
$2.5 


90.9 


21.0 
38.6 
48.1 


35.9 


Oxides of Nitrogen Formaldehyde 


P.P.M. | SCFH | P.P.M. | SCFH 


°%, UBF | Ibs/hr 


treo 


7 | 0.188 
6 | 0.166 


37 1.173 
17 0.509 


28 0.217 
1940 13 0.211 
670 6 0.044 
1347 16 0.157 


2215 25 0.247 
1130 F 13 0.087 
524 17 0.138 


1290 18 0.157 


0.8 
LZ 
0.9 


827 
863 
856 


849 
1430 


0.550 
0.833 
0.677 
1.0 0.683 


3.0 1.345 
1.2 1.08 
0.6 0.240 
1.6 0.888 


0.4 0.208 
0.7 0.260 
0.8 0.369 


0.6 0.279 
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(a) Not full throttle acceleration. 
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TABLE VIII 


Summary of Experimental Results at Cruise 






























































rer Engine a Carbon Monoxide Hydrocarbons Oxides of Nitrogen Formaldehyde 
ehicle ow 
om : : eee bogs oe ee) erica Peaei ata. HNC Se ee CER ROT PSE 
see SCFM | vol% | SCFH | vol% | Ibs/SCF-10° | %UBF | Ibs/hr | P.P.M. | SCFH | P.P.M. | SCFH 
| 
A Diesel 395 0.0 0 0.013 20.2 L:3 0.478 310 7.35 4 0.095 
B (2-cycle) 279 0.0 0 0.000 0 0.0 0.000 224 3.73 19 0.318 
c 360 0.0 0 0.015 19.6 2.2 0.423 178 3.85 9 0.195 
| 
Average 0.0 0 0.009 13.3 1.2 0.300 237 4.98 11 0.20: 
D Gasoline 93 5.) 285 0.045 36.1 0.6 0.202 314 1.76 1 0.00: 
E 114 2.35 161 scshaiad an) Ai aa 740 5.06 15 0.09% 
F 117 y a 189 0.018 12.5 (0.2 0.088 906 | 6.36 6 0).04- 
Average 3.4 212 0.032 24.3 0.4 0.145 653 4.39 7 0.04 
G Propane 85 0.85 43.3 0.037 51.9 1.0 0.264 3050 15.5 39 0.19% 
H 85 1.0 51.0 0.026 25.3 0.5 0.129 2150 10.4 15 0.077 
I 105 3.4 214 0.037 » SOS 0.5 0.192 956 6.0 14 0.094 
Average 1.75 103 0.033 35:9 0.7 0.155 2052 10.6 23 0.125 
TABLE IX 
Summary of Experimental Results at Deceleration 
| 
Engine Exhaust | Carbon Monoxide Hydrocarbons Oxides of Nitrogen | Formaldehyde 
Vehicle Type Flow ; : 
SCFM vol % SCFH vol % | lbs/SCF-10° | % UBF | Ibs/hr | P.P.M. | SCFH P.P.M. SCFH 
J nes Tilt = : Ss saree) ee ; 
| 
A Diesel 350 0.0 0 0.061 95.2 72.7 2.00 40 0.840 | 7 0.147 
B (2-cycle) 238 0.0 0 0.000 0 0.0 0 42 0.600 10 0.143 
Cc 318 0.0 0 0.038 45.7 38.7 0.87 0.171 70 1.335 
Average 0.0 0 0.033 43.6 37.1 0.96 30 0.537 29 0.541 
D Gasoline 46 4.8 132 2.641 4170 60.7 11.52 12 0.033 244 0.675 
E 36 6.25 135 1.844 2110 39.7 4.51 12 0.026 303 0.658 
F 50 5.5 165 0.541 637 17.4 192 30 0.090 812 0.936 
Average 5.5 144 1.675 2306 39.3 5.98 18 0.050 286 0.756 
G Propane 18 $2 34.6 1.734 1895 34.6 2.05 77 0.083 154 0.167 
H 18 5.3 57.2 2.475 2560 41.3 2.77 15 0.016 193 0.208 
I 36 3.0 64.7 1.500 1530 27.1 3.31 77 | 0.166 | 169 0.365 
Average 42 52.2 | 1.903 1995 34.3 2.71 so | 0.095 | 172 0.247 









































(Continued from page 70) 








Engine Variables and Their Effects 





paper resulted from testing and analytical procedures still 
in the development stage, and are thus subject to larger- 
than-normal degrees of error. In addition, the substan- 
tial reductions in hydrocarbon emission during decel- 
eration were achieved with experimental devices which 
must yet be thoroughly developed and proved before they 
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can be considered ready for production release. 
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Some Effects of Engine-Fuel Variables on 
Exhaust Gas Hydrocarbon Content * 


F. G. Rounps, P. A. Bennett, anp G. J. NEBEL 
Research Laboratories Division 
General Motors Corporation 
Detroit, Michigan 


Since the twenties it has been known that automotive 
engine exhaust gases contain hydrocarbons‘'®’, but the 
amount has been generally considered too small to be of 
practical concern. However, recent reports‘***) indicate 
tha: the amount of hydrocarbons present in exhaust gases 
uncer some driving conditions may be significant. 


The presence of hydrocarbons in engine exhaust is of 
interest to the automotive industry for two reasons. The 
firs! is air pollution, and particularly the type known as 
smog encountered in the Los Angeles area. Although no 
one knows exactly what smog is or how it is formed, 
son € investigators‘**-*) agree that hydrocarbons ( particu- 
larly olefins), nitrogen oxides, and ozone are important in 
the mechanism of smog formation. 


The second reason for this interest is fuel conserva- 
tion. The miles per gallon to be gained by utilizing the 
chemical energy of exhaust gas hydrocarbons would be 
small and difficult for the average motorist to detect. 
However, the nation’s gasoline consumption is approach- 
ing 3,500,000 barrels each day, and even a small percent- 
age loss of hydrocarbons in the exhaust gases represents a 
tremendous waste of fuel. 


The present investigation was undertaken to obtain a 
better understanding of the factors influencing the con- 
centration of hydrocarbons in engine exhaust. Initially, 
tests were made to determine the fraction of the total 


(1) Fieldner, A. C., and Jones, G. W., “The Sampling and Analysis 
of Automobile Exhaust Gas,” Franklin Inst. Journal, 194 
(No. 5), 613-44 (1922). 

D’Alleva, B. A., and Lovell, W. G., “Relation of Exhaust Gas 
Composition to Air-Fuel Ratio,” SAE Journal Transactions, 38 
(No. 3) 90-96T (1936). 

Magill, P. L., Hutchison, D. H., and Stormes, J. H., “Hydro- 
carbon Constituents of Automobile Exhaust Gases,” Second Na- 
tional Air Pollution Symposium, 1952, p. 71. 

Viets, F. H., Fischer, G. I., and Fudurich, A. P., “Hydrocarbon 
Pollution From Automobile Exhaust Gas, a Report of Test 668 
and Associated Work,” Air Pollution Control District, County of 
Los Angeles, September 12, 1952. 

“Automotive Exhaust Testing Procedures and Efficiency Studies 
in the Evaluation of a Catalytic Muffler,” Los Angeles County 
Air Pollution Control District Publication No. 51, July 30, 1954. 
Haagen-Smit, A. J., “Chemistry and Physiology of Los Angeles 
Smog,” Ind. Eng. Chem., 44, 1342-46 (1952). 

Magill, P. L., and Benoliel, R. W., “Air Pollution Studies in Los 
Angeles County,” Jnd. Eng. Chem., 44, 1347-51 (1952). 
Mader, P. P., McPhee, R. D. Loftberg, R. T., and Larson, G. P., 
“Composition of Organic Portion of Atmospheric Aerosols in 


the Los Angeles Area,” Ind. Eng. Chem. 44, 1352-55 (1952). 


*Presented at the Annual Meeting of the Society of Automotive 
Engineers at Detroit, Michigan, January 10-14, 1955. 
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fuel supplied to the engine which appeared as hydro- 
carbons in the exhaust at different driving conditions. 
Later, more exhaustive tests were made to determine the 
effect of common engine-fuel variables at each driving con- 
dition. 

The data presented in this paper are based on mass 
spectrometer and/or Orsat analyses of exhaust gas samples 
obtained from 163 passenger cars and 8 public transit 
buses. The test results suggest some practical methods of 
reducing hydrocarbon losses from motor vehicles. 


Test Equipment and Procedure 


All 5 makes of General Motors passenger cars, predomi- 
nantly 1953 models, were tested. The cars were equipped 
with V-8, 6 cylinder, or line 8 engines, and either standard 
or automatic transmissions. Of the 163 passenger cars 
used in this investigation, 11 were test cars and the re- 
mainder customer-owned. All the customer-owned cars 
were tested in the “as received” condition. Exhaust gas 
samples were also collected from 8 motor coaches used in 
public transit service. These commercial vehicles were 
equipped with either Diesel, gasoline, or LPG engines. 

Previous investigators have usually divided vehicle 
operation into 4 driving conditions: idle, acceleration, 
cruising, and deceleration. Idle and cruising are essentially 
steady state conditions whereas acceleration and deceler- 
ation are not. Since it is very difficult to make quantita- 
tive determinations during unsteady state operation, spe- 
cial test procedures were adopted in the passenger car 
studies to simulate normal acceleration and deceleration. 
These operating conditions are described below: 


1. Idle 
Idle is operation of the engine at no load with the 
vehicle stationary. The idle speed of 6 test cars was 
arbitrarily held constant at 400 rpm. A total of 152 
customer-owned cars were tested. 

2. Part Throttle 
This condition includes all engine operation at power 
output equal to or greater than road load. Thus both 
normal cruising and acceleration are included in this 
“part throttle” condition. To eliminate transient 
effects, all tests were run at constant engine speeds of 
1000 rpm. or greater. For this phase of the investiga- 
tion, 7 test cars were used. 

3. Simulated Deceleration 
Deceleration is characterized by high intake-manifold 
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vacuums and decreasing engine speeds. Simulated de- 
celeration data were obtained at constant engine con- 
ditions corresponding to those existing momentarily 
during normal deceleration. These conditions were es- 
tablished by allowing the vehicle to coast downhill at 
constant speed with closed throttle. It is believed 
that the data obtained under these simulated condi- 
tions are representative of those occurring during nor- 
mal deceleration, where engine conditions are con- 
tinually changing. In this work 5 test cars were oper- 
ated at constant engine speeds of 1000 and 2000 rpm., 
whereas 33 customer-owned cars were operated in 
“drive” or highest gear at a fixed car speed of 30 
mi./hr. 

The test procedures for the commercial vehicles were 
somewhat different from those described above. The 
usual driving conditions of idle, cruising, acceleration, and 
deceleration were studied. The cruising tests were carried 
out at 25 mph. in high gear, the acceleration tests between 
10 and 15 mph. in low gear at full throttle, and the de- 
celeration tests beginning at 20 mph. 

During this investigation, exhaust gas samples were col- 
lected in evacuated 250 or 500 ml. Pyrex bottles from a 
copper sampling line. In test cars, this sampling line was 
tapped into the exhaust system just ahead of the muff- 
ler. In customer-owned vehicles, the sampling line was 
pushed up the tailpipe as far as possible. Regardless of 
the sampling point, the exhaust gas flow rate was main- 
tained great enough to prevent condensation in the sam- 
pling line. The containers were thoroughly cleaned prior 
to each use to prevent contamination. Stopcocks and rub- 
ber tubing were eliminated from the sampling system to 
prevent possible loss of hydrocarbons by adsorption. 

The exhaust gas samples were analyzed on a Consoli- 
dated Engineering Corporation analytical mass spectro- 
meter. The analyses were performed under contract by 
the Institute of Gas Technology in Chicago, Illinois. 
This method of analysis was selected since the mass spec- 
trometer is capable of measuring the concentration of a 
large number of individual hydrocarbons. However, the 
mass spectrometer does have limitations that should be 


TABLE I 
Exhaust Gas 
Hydrocarbon Content Ranges 





| Hydrocarbon Content 
| Weight Per Cent of 
| Supplied Fuel 


Test Condition 





Idle 1 to 28 
Part Throttle | lto 5 
Simulated Deceleration | 1 to 63 





recognized. These are discussed in Appendix A. As a te. 
sult of these limitations, the accuracy of the mass spec. 
trometer exhaust gas analyses remains somewhat in doubt 
The reported percentages of unburned hydrocarbons are 
believed to be no more accurate than + 1% by weighr of 
the supplied fuel. In spite of this, the trends shown in «his 
paper are believed to be valid. 


Passenger Car Tests 


The ranges of exhaust gas hydrocarbon contents ob- 
served at idle, part throttle, and simulated deceleration for 
the 5 makes of passenger cars investigated are showr in 
Table I. The hydrocarbon content is expressed as the 
weight per cent of the fuel supplied to the engine, a con- 
vention that will be used throughout this paper. ‘The 
detected hydrocarbons included paraffins, olefins, aro- 
matics, and naphthenes ranging from C, to C,. No oxy- 
genated products were reported. The weight per cent 
values were calculated from mass spectrometer analyses 
using a carbon balance. A typical calculation is shown in 
Appendix B. 

There are two features in Table I of particular interest 
to the automotive engineer. First, the hydrocarbon con- 
tent is markedly affected by driving conditions. Secondly, 
at any one driving condition, the hydrocarbon content 
may vary considerably. This latter observation points out 
the need for testing a large number of vehicles if significant 
“averages” are to be obtained. It also suggests that a 
reduction in the hydrocarbon losses may be possible onze 
the factors responsible for this variation are known. 
Idle 

Fuel Type: Since the resistance of individual hydro 


TABLE II 
Effect of Fuel Type on Exhaust Gas Hydrocarbon Content at Idle 
Mixture Ratio — 80° of Theoretical Air 


























Hydrocarbon Content 
Fuel Type ‘ wong Weight Per Cent of Supplied Fuel 
— a Total Unreacted 
Hydrocarbons Fuel 
n-Pentane Paraffin 4.0 5.4 1.1 
Premium Gasoline Mixed 6.4 5.3 ae 
Tsooctane Paraffin 7.3 5.1 1.3 
100 O.N. Gasoline ee Steep est oh a 57 
Diisobutylene Olefin 12.0 6.1 0.8 
Cyclopentane Naphthene 12.4 59 17 
Triptane Paraffin 14.4 5.0 13 
Benzene Aromatic 14.0+ 2.7 12 
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AIR-FUEL RATIO 


carbons to oxidaiton varies with molecular structure, 
it has been suggested that fuel type might influence the 
hyd: carbon content of exhaust gas. This is a very im- 
port nt consideration from the petroleum refiners’ stand- 
poin’ because higher octane fuels are inherently more re- 
sista it to oxidation and thus might be expected to burn 
less ompletely. To determine the importance of fuel type, 
a 19°3 model car was operated at idle with several pure 
hydiocarbons and two gasolines. The results are shown 
in Table IT where the fuels are listed in order of increasing 
critical compression ratio. 


For 7 of the 8 fuels tested, fuel type had little or no 
effect either on the total hydrocarbon content in the ex- 
haust or on the amount of unreacted fuel. For benzene, 
however, the total hydrocarbon content was about half 
that observed with the other fuels even though the 
amount of unreacted fuel was about the same. These re- 
sults suggest that the exhaust gas hydrocarbon content 
at idle does not correlate with the oxidation resistance of 
the fuel as measured by the critical compression ratio. 


Air-Fuel Ratio: Fig. 1 shows the results of idle tests 
in which the mixture ratio of test cars was varied 
over the range for miss-free operation. Additional data 
from 26 customer-owned cars in the “as received” condi- 
tion are also included. The idle speed of each test car 
was set at 400 rpm., whereas the idle speeds of the 
customer-owned cars were found to vary from 280 to 680 
rpm. Manifold vacuums varied from 16 to 20 in. of 
mercury. Although manifold vacuum and engine speed 
were not comparable in all tests, it appears that the most 
important variable causing the large effect on exhaust 
gas hydrocarbon content at idle was air-fuel ratio. 

It has been observed that the mixture ratio range for 
miss-free idle operation varied with engine design. Since 
the mixture ratio range for the best idle operation gener- 
ally corresponds to the, “maximum power” air-fuel ratio, 
the data illustrated in Fig. 1 indicate that the lowest ex- 
haust gas hydrocarbon content would also occur at the 
best idle mixture ratios. To determine how many cars 
in service are actually operating in the best idle range 
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Fig. 2. Effect of engine type on exhaust gas 
hydrocarbon content at idle. 
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Fig. 3. Effect of idle mixture adjustment on 
hydrocarbon content. 


<we Fig. 1. Effect of air-fuel ratio on exhaust gas hydrocarbon content at idle. 


for the particular engine design, idle air-fuel ratios of 152 
customer-owned cars were measured “as received.” The 
hydrocarbon content for each customer car was estimated 
from Fig. 1. Cumulative distribution curves showing 
these estimates for 3 basic engine designs are plotted in 
Fig. 2. These data indicate that the exhaust gas hydro- 
carbon content of the compact V-8 engines was less than 
that for either the line 6's or the line 8’s. This results 
from the fact that the V-8 engines will idle acceptably at 
leaner air-fuel ratios. In addition, it has been observed 
that L-head engines require somewhat richer mixtures for 
satisfactory idle than comparable overhead valve engines. 
These observations indicate that the current trend in 
automotive design towards overhead valve V-8 engines 
should result in a reduction in the total hydrocarbon lost 
during idle operation. 

Weighting the data for the 152 customer-owned cars 
on the basis of 1953 production figures, a single cumula- 
tive distribution curve was obtained. The result is shown 
in Fig. 3 by the solid curve labeled “as received.” Assum- 
ing equal idle fuel rates for all cars, the average exhaust 
gas hydrocarbon content at idle was calculated to be 4° 
by weight of the fuel supplied to the engine. 

The idle mixture ratios of a few of the customer cars 
were found to be as rich as 10 to 1, whereas other cars 
of the same make and model were found to be set as lean 
as 14 to 1. Since the exhaust gases from the cars run- 
ning on the rich mixtures contain appreciably higher 
hydrocarbon contents than those operating on mixtures 
in the “best idle” range, it would appear that an appreci- 
able reduction in hydrocarbon emission could be achieved 
by proper maintenance. If the mixture ratio for each car 
were adjusted to the best idle range, the distribution curve 
in Fig. 3 would be changed to that shown by the dashed 
curve. Assuming equal idle fuel consumption rates for 
all cars, these adjustments would result in a calculated 
30% reduction in the total idle hydrocarbon emission. 
Thus the motorist himself can help to reduce hydrocarbon 
emission by keeping his motor properly tuned. At the 
same time he will benefit from improved engine operation. 
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TABLE III 


Effect of Engine Load On the Exhaust Gas Hydrdcarbon Content 
Car I— 1000 rpm. 





Hydrocarbon Content 


Manifold Vacuum, Weight Per Cent of 





In. Hg. Supplied Fuel 
0.2 (Full Throttle) 1.4 
8.0 1.6 
18.0 (Road Load) 1.5 








Part Throttle 

Engine Load: The “part throttle” operating condition 
has been defined as all engine operation at power output 
equal to or greater than road load. Thus all engine loads 
from road load to full throttle are included. To determine 
the effect of engine load, data such as that listed in Table 
III were obtained. The results of these and other tests 
indicate little or no effect of engine load on exhaust gas’ 
hydrocarbon content. 

Fuel Type: To determine the effect of fuel type 
upon the exhaust gas hydrocarbon content at part 
throttle, a 1952 model car and a laboratory single cylinder 
engine were operated on several pure hydrocarbons, two 
leaded isooctane blends, and a commercial gasoline. The 
results are tabulated in Table IV where the fuels are 
arranged in order of increasing critical compression ratio. 

The data in Table IV indicate that neither fuel type 
nor the presence of tetraethyllead has any significant 
effect on the exhaust gas hydrocarbon content. 

Air-Fuel Ratio: Since air-fuel ratio was found 
to influence the hydrocarbon content at idle, the effect 
of this variable was investigated at part throttle. The 
results of 40 tests of 5 different makes of cars are shown 
in Fig. 4. The range of air-fuel ratios investigated corre- 
sponds roughly to those occurring in normal passenger 
car operation. For comparison, the effect of air-fuel ratio 
at idle previously shown in Fig. 1 has been reproduced in 
Fig. 4 as the dashed curve. Contrary to the experience 
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AIR-FUEL RATIO 


at idle, air-fuel ratio has no significant effect on the ex- 
haust gas hydrocarbon content at part throttle. Inclu ed 
in these tests were cars with engines of all types which 
suggests the engine design has little effect on hydrocar on 
content under these test conditions. 


Engine Speed: To study the effect of engine spced,| 


tests were made employing 3 different makes of cars as 
well as a single-cylinder laboratory engine. The resiilts 
of these tests covering the speed range from 1000 to 
3000 rpm. are shown in Fig. 5. Although there are some 
minor variations among different engines and duplicate 
tests on the same engine, it is apparent that a three-fold 
increase in engine speed has essentially no effect on the 


exhaust gas hydrocarbon content at speeds above ‘00 
rpm. 
Compression Ratio: It is well known that the 


thermal efficiency of an engine increases as the compres- 
sion ratio is raised. Although this gain is usually ex- 
plained on the basis of thermodynamic considerations, it 
was speculated that part of the increased efficiency might 
result from more complete combustion at higher com- 
pression ratios. To check this possibility tests were con- 
ducted on a variable compression ratio single-cylinder 
engine. The results are given in Table V. 

These data indicate that compression ratio has little 
or no effect on the exhaust gas hydrocarbon content. 


TABLE IV 
Effect of Fuel Type on the Exhaust Gas Hydrocarbon Content at Part Throttle 
Maximum Power Mixture Ratio 





























Hydrocarbon Content 
Critical Weight Per Cent of Supplied Fuel 
Fuel Type Comp. Ratio Car i Laboratory Engine 
1000 rpm. 1000 rpm. 
Road Load Full Throttle 
n-Pentane Paraffin 4.0 2.4 
Cyclohexane Naphthene 49 1.9 
Premium Gasoline Mixed 6.4 1.8 2.8 
Isooctane Paraffin 7.3 2.8 25 
Isooctane plus 
1 cc. TEL Paraffin 9.6 2.8 
Tsooctane plus 
2:5 ce. TEL Paraffin 11.0 2.6 
Diisobutylene Olefin 12.0 2.3 2.5 
Cyclopentane Naphthene 12.4 2.4 3.0 
Triptane Paraffin 14.4 1.7 23 
Benzene Aromatic 14.0+ 1.9 2.1 
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TABLE V 


Effect of Compression Ratio On 
The Exhaust Gas Hydrocarbon Content 


1000 rpm. — Maximum Power Mixture Ratio 





Hydrocarbon Content 
Weight Per Cent of 
Supplied Fuel 


Compression Ratio 





4.0 2.2 
8.0 a3 
12.0 1.9 








oe 


The fuel used in these tests, triptane, was selected to 
pern it knock-free operation over the range of compres- 
sion ratios investigated. Subsequent tests have shown, 
how: ver, that neither heavy knock nor objectionable pre- 
ignition influence the hydrocarbon content. 


C:olant Temperature: It has been, theorized that 
hydiocarbons are present in exhaust gases because 
the ‘uel-air mixture immediately adjacent to the com- 
bust‘on chamber walls is either too cool to burn or that 
the vall destroys certain active radicals necessary for flame 
propagation. If this were a temperature effect, one would 
expcct the thickness of this layer of unburned gases and, 
thus, the hydrocarbon content of the exhaust, to depend 
upo:: the wall temperature and indirectly on the coolant 
temperature. This theory was investigated both in road 
tests and in single-cylinder laboratory engine tests. In the 
road tests, exhaust gas samples were collected from a 
car soon after starting and again after thorough warm-up. 
In the laboratory engine tests, the coolant temperature 
was regulated by suitable refrigeration. The results of 
these tests are shown in Table VI. 


The car data show somewhat higher hydrocarbon con- 
tents immediately after starting than after warm-up. The 
single-cylinder engine tests, on the other hand, which 
were conducted under more carefully controlled conditions 
indicated little or no effect on the hydrocarbon content 
as the coolant temperature was reduced. Data shown 
previously would seem to indicate that the difference 
between the car and the single-cylinder engine results 


TABLE VI 
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is not due to a difference in either the fuel or the mixture 
ratios employed. However, the high values observed in 
the car tests may have been caused by rich mixtures ex- 
ceeding the inflammability limit in some cylinders of the 
multi-cylinder engine. 

None of the engine-fuel variables investigated had any 
significant effect on the exhaust gas hydrocarbon content 
at part throttle. Thus, on the basis of present knowledge, 
there seems very little that the engine designer can do 
to reduce the hydrocarbon emission at this driving con- 
dition. The average hydrocarbon content observed at 
part throttle was about 1.5°%% by weight of the fuel sup- 
plied to the engine. 

Simulated Deceleration 

Manifold Vacuum: Simulated deceleration tests were 
carried out by coasting downhill at various constant 
engine speeds at closed throttle. The results of these tests 
as well as some part throttle tests are illustrated in Fig. 6 
for the 5 makes of cars investigated. The hydrocarbon 
content was found to be independent of manifold vacuum 
below 21 in. of mercury. However, at higher vacuums, 
the hydrocarbon content increased very rapidly. There 
was no abrupt change in the observed air-fuel ratios corre- 
sponding to this rapid increase in hydrocarbon content. 
Flame photography studies by Wentworth and Daniel‘) 
have shown that these high hydrocarbon contents at high 
manifold vacuums are due to the failure of the flame 
to propagate throughout the combustion chamber. 





( 9) Wentworth, J. T., and Daniel, W. A., “Flame Photographs of 
Light-Load Combustion Point the Way to Reduction of Hydro- 
carbons in Exhaust Gas,” J. Air Poll. Control Assoc., 5, (1955). 


Effect of Coolant Temperature On The Exhaust Gas Hydrocarbon Content 


Engine Speed — 1000 rpm. 




















: Hydrocarbon 

; Manifold Air-Fuel Temp. °F. Content, Wt. 

Engine Vacuum Ratio Fuel Coolant Oil Per Cent of 

In. He. Supplied Fuel 
Car I 13 10.5 Premium Gas. 70 50 5.2 
Car I 17.5 13.8 Premium Gas. ~ 215 190 2.1 
Car I 0.7 11.0 Premium Gas. 80 112 3.9 
Car I 0.2 12.7 Premium Gas. 204 190 1.8 





Single-Cylinder 10.1 9.3 
Single-Cylinder 9.9 10.6 
Single-Cylinder 99 14.2 
Single-Cylinder 9.6 14.1 


Single-Cylinder 10.0 16.0 











Isooctane 9 86 2.3 
Isooctane 16 93 1.6 
Isooctane 49 94 1.4 
Isooctane 103 185 1.2 
Isooctane 149 182 1.1 











of APCA 


Vol. 5, No. 2 













Cras Pas reer T 

















TABLE VII ; 
Effect Of Engine Speed On The Manifold Vacuum During 
Simulated Deceleration at Closed Throttle 











Manifold Vacuum, In. Hg. 
Mak 
a 1000 rpm. 2000 rpm. 

L 22.1 24.0 
G 22.3 23.8 
N 21.8 23.8 
I 23.2 24.2 
H 24.0 25.0 











The test car data shown in Fig. 6 were obtained at 
intake manifold vacuums from 19 to 24 in. of mercury at 
both 1000 and 2000 rpm. The engine speed and manifold 


vacuums of the customer-owned cars were those corre- 


sponding to 30 mph., closed throttle. The data seem, 


to indicate that neither engine speed nor car make had 
any effect on hydrocarbon content at any given manifold 
vacuum. Fig. 6 is very useful because it permits a reason- 
able estimation of the exhaust gas hydrocarbon content 
to be made for any make or model of car if the manifold 
vacuum is known. 

Engine Speed: The manifold vacuum at closed throttle 
is dependent upon the engine speed as shown in Table VII. 

Since the manifold vacuum at 2000 rpm. was 1 to 2 in. 
of mercury greater than at 1000 rpm. for all cars, and 
since all the observed manifold vacuums were greater than 
21 in. of mercury, much higher hydrocarbon contents were 
observed at the higher engine speed. Thus, engine speed 
affects the exhaust gas hydrocarbon content as a result of 
its effect on manifold vacuum. 

The manifold vacuum at a fixed engine speed varied 
from one car to another. Although the cars listed in 
Table VII were each of a different make, similar variations 
have been observed among cars of the same make. These 
differences are believed to be the result of variations in 
the idle speed adjustment and the general mechanical 
condition of the engine. 

Customer Car Survey: The manifold vacuums of a 
group of 33 customer-owned cars were measured at a 
constant speed of 30 mph. coasting down hill with closed 
throttle. With the aid of Fig. 6, the exhaust gas hydro- 
carbon content of each vehicle was estimated. Grouping 
the results on the basis of transmission type, or vehicle- 


PART THROTTLE SIMULATED 
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HYDROCARBON CONTENT — 


WEIGHT PERCENT OF SUPPLIED FUEL 





16 
MANIFOLD VACUUM in Hg. 


Fig. 6. Effect of intake manifold vacuum on exhaust gas hy dro- 
carbon content. 
model-year, shows some interesting effects of recent au:to- 
motive design trends. 


The effect of the transmission type used in the vehicle 
on the engine speed and thus the manifold vacuum ind 
exhaust gas hydrocarbon content during deceleration is 
shown by the data in Table VIII. 

The average engine speed and thus the average mani- 
fold vacuum of the cars equipped with standard trzns- 
missions was higher than that of the cars equipped with 
automatic transmissions. This was due primarily to differ- 
ences in axle ratios and to the occurrénce of some slip in 
the automatic transmissions. Thus the use of automatic 
transmissions, which are becoming increasingly popular 
with the motorist, should result in lower exhaust gas 
hydrocarbon contents during deceleration. 

To point out the effect of other recent design changes, 
a comparison between 1950-51 and 1953-54 cars is shown 
in Table IX. For each car in the “old” group, which in- 
cluded 3 makes of cars and 3 transmission types, there 
was a corresponding car (same make and transmission 
type) in the “new” group. 

At a constant car speed, lower engine speeds and lower 
manifold vacuums were generally observed with the newer 
cars. As a result, the average hydrocarbon content was 
also lower. Although only a limited number of cars were 
included in this comparison, the data suggest that the 
improvement shown was made possible largely because 


TABLE VIII 
Effect of Transmission Type on Estimated Exhaust Gas Hydrocarbon Content During Simulated Deceleration 
Car Speed — 30 mph. 























P ; Estimated Hydrocarbon Content, 
Transmission Type Number of Average Engine Average Manifold Weight Per Cent of 
Cars Tested Speed, rpm. Vacuum In. Hg. “ . 
Supplied Fuel 

Standard 10 1405 24.0 22 
Automatic: 

4 Speed Gear Type 15 1130 | 23.5 17 

Torque Converter Type 8 1075 22.2 7 
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TABLE IX 
Effect of Model Change on Hydrocarbon Content 
During Simulated Deceleration 
Car Speed — 30 mph. 











ae | 1950-1951 1953-1954 
| Models Models 

Number of Cars Tested 7 
Average Axle Ratio | 3.82 3.54 
Average Engine | 

Speed, rpm. 1335 1225 
Average Manifold | 

Vacuum, In. Hg. | 24 | 23 
Estimated Hydrocarbon | 

Content, Weight Per | 

Cent of Supplied Fuel 20.6 13.3 





rn high-output engines and improved transmissions 
tted the use of lower rear axle ratios. 
ce engine speed and manifold vacuum decrease dur- 
ormal deceleration, the hydrocarbon content of the 
ist gases changes continuously. Therefore, it is 
impossible to determine a significant “average” hydro- 
carbon content unless all the exhaust products are col- 
lecte.1 or a continuous sampling procedure is used. The 
praciical application of these methods is very difficult, 
part:cularly since many cars should be tested under many 
different conditions if a truly significant deceleration aver- 
age is to be obtained. However, an approximate figure is 
easily obtained from the present simulated deceleration 
tests since the tests were carried out under steady state 
conditions. The speed, 30 mph., was selected because it is 
typical of city traffic conditions. The average so obtained, 
weighted for 1953 car and transmission production figures, 
was 12.5°%% by weight of the supplied fuel. 
Comparison With Other Work 

A comparison of the results of the present work with 
similar data obtained by other investigators is made in 
Table X. All the hydrocarbon contents have been ex- 
pressed as weight per cent of the supplied fuel and were 
calculated from the data of the various investigators. 

Each investigator reported the highest hydrocarbon 
contents at deceleration, the next highest at idle, and the 
lowest at cruising and acceleration. However, the actual 
values reported by each differed considerably in some 


mod: 
pern 

5 
ing | 
exha 










TABLE X 
Average Exhaust Gas Hydrocarbon Content in Weight Per Cent of Supplied Fuel 


cases. This is not surprising since different cars, different 
numbers of cars, different test procedures, and different 
analytical techniques were employed. The lowest hydro- 
carbon contents during deceleration and idle were reported 
in the present work. This may be due in part to the fact 
that the majority of the cars used in this investigation 
were 1953 or 1954 models rather than the older models 
used by the other investigators. 


Commercial Vehicles 

Even though gasoline-powered cars, trucks, and buses 
by far outnumber all other types, the use of Diesel and 
LPG powered vehicles in commercial service has grown 
considerably in recent years. Since there has been consider- 
able discussion of the relative merits of the different engine 
types in air-pollution-conscious communities, informa- 
tion showing the hydrocarbon content from Diesel, LPG, 
and gasoline engines is of interest to both fleet operators 
and vehicle manufacturers. 

A group of public transit coaches, consisting of 2 Diesel, 
2 gasoline, and 4 LPG powered vehicles, were used for 
this investigation. However, instead of the steady state 
part throttle and simulated deceleration tests employed 
in the passenger car work, unsteady state acceleration 
and deceleration as well as cruising conditions typical of 
bus service were used. The results of the idle, cruising, 
and acceleration tests are shown in Table XI. It should 
be pointed out that Diesel fuels contain hydrocarbons in 
the C,, to C,, range whereas the mass spectrometer used 
for the analyses could not detect hydrocarbons heavier 
than about C,. For this reason the results for the Diesel 
vehicles may be somewhat low. 

The effect of driving conditions was similar to that 
observed in the passenger car tests. That is, higher hydro- 
carbon contents were observed during idle than at cruis- 
ing and acceleration. Also, the similarity of the data for 
both cruising and acceleration indicates that all engine 
operation at power output equal to or greater than road 
load may be combined as was done with the passenger 
car tests. In general, the hydrocarbon contents listed in 
Table XI for each driving condition fall within the ranges 
observed during the passenger car tests. 

The exhaust gas hydrocarbon content during deceler- 
ation for the 8 coaches is shown in Table XII. The hydro- 








McGill, Hutchison, 


Driving Condition ont Gmenatd 


Viets, Fischer, 
and Fudurich(4) 


Los Angeles County 
Report No. 515) 


Present Work 





Idle ‘ 
Acceleration 6.0 
Cruising 5.7 


Deceleration 


Cars Tested 














11.6 (a) 5.7(b) 4.0 
1.1 (a) 1.8(b) 

1.1 (a) 1.7(b) 1.5(c) 
16.3 (a) 29.7(b) 12.5 (ce) 


a 












1 7 to 152(d) 








(a) Observed values, estimated by Viets, et.al., to be 25% low. 
(b) All hydrocarbons assumed to be hexane or acetylene. 


(c) Simulated deceleration and part throttle tests. 


(d) Based on mass spectrometer and/or Orsat analyses as follows: 
152 cars; part throttle, 7 cars; and simulated deceleration, 33 cars. 


of APCA 


115 


idle, 


Vol. 5, No. 2 




















TABLE XI 
Comparison of Exhaust Gas Hydrocarbon Content of Diesel, Gasoline, and LPG Powered Vehicles 





Vehicle Type Diesel Coaches 


Hydrocarbon Content — Weight Per Cent of Supplied Fuel 


Gasoline Coaches LPG Coaches 











Number 1 2 3 4 ce y 3 
Driving Condition 
Idle 6.8 15.9 2.0 1.5 1.8 2.9 5.1 3.2 
Cruising E1 2.6 0.5 0.7 0.9 1.2 0.4 0.5 
Acceleration 0.5 1.0 0.4 1.1 0.7 15 0.4 0.2 














carbon content is expressed both as mg./scf. and as the 
weight per cent of supplied fuel. 

At these particular test conditions, that is, with the 
deceleration starting at 20 mph., the fuel supply to the 
Diesel engines was not completely shut off. Subsequent 
tests with vehicle 1 showed that no fuel was supplied to 


the engine when the deceleration began at 35 mph. Ap-' 


parently, the position attained by the injector rack when 
the foot throttle is closed depends upon the vehicle speed. 

On the average, higher hydrocarbon contents were 
observed during deceleration in the exhaust of LPG ve- 
hicles than in that of gasoline vehicles. At first thought, 
this difference might be attributed to fuel or engine type. 
However, because the passenger car tests showed the 
hydrocarbon content during deceleration to be greatly 
dependent upon manifold vacuum, it seems likely that 
this variable was largely responsible for the observed dif- 
ferences. The fact that the highest hydrocarbon contents 
were observed with vehicles 7 and 8, which were equipped 
with standard transmissions, lends support to this belief. 

Due to the limited number of commercial vehicles tested, 
definite conclusions concerning the relative merits of the 
different engine types should be made with caution. Also, 
it is difficult to compare Diesel and carbureted engines 
with respect to total hydrocarbon emission on the basis 
of exhaust gas analyses alone because the relative air and 
fuel consumptions vary markedly. However, it is believed 
that the total amount of hydrocarbon discharged during 
normal operation would be substantially the same whether 
the vehicle were equipped with a Diesel, gasoline, or 
LPG engine, provided the over-all fuel consumption was 
comparable. 

Summary 


These investigations have shown that the reductions in 
exhaust gas hydrocarbon content can be achieved through 


analyses have indicated that the hydrocarbon content of | 


engine exhaust gas varies appreciably with driving condi- 
tion as shown below: 














Hydrocarbon Content—Weight 
Test Cendisinn Per Cent of Supplied Fuel s 
Observed Range | Average 
Idle 1 to 28 4 
Part Throttle lto 5 | 1.5 
Simulated 
Deceleration 1 to 63 | 12.5 








The most important engine-fuel variable affecting the [ 
hydrocarbon content at idle was mixture ratio, with the ff 
highest hydrocarbon contents being observed at rich mix- § 


tures. A substantial reduction in the average hydrocarbon 
content could be obtained by adjustment of the idle inix- 


ture ratio of all cars to the range resulting in best idle F 
operation. The current trend toward the overhead valve t ‘ 
V-8 engine should also help to reduce idle hydrocarbon f 


losses since these engines will idle acceptably with leaner 
mixtures than either 6 cylinder or line 8 engines. Fuel 
type was found to have essentially no effect on the exhaust 
gas hydrocarbon content. 

None of the engine-fuel variables investigated at 
part throttle were observed to affect significantly the 
hydrocarbon content. These included mixture ratio, com- 
pression ratio, fuel type, coolant temperature, engine 
type, engine speed, and engine load. 

The most important engine-fuel variable affecting the 
hydrocarbon content during simulated deceleration was 
manifold vacuum. The hydrocarbon content was found to 
increase sharply to high values at manifold vacuums above 
21 in. of mercury. Since manifold vacuum during a closed 
throttle deceleration depends upon engine speed, the 
trend toward automatic transmissions and lower rear axle 























proper maintenance and design. Mass _ spectrometer ratios made possible by higher output engines tends to 
TABLE XII 
Comparison of Exhaust Gas Hydrocarbon Content During Deceleration 
Vehicle Type Diesel Coaches Gasoline Coaches LPG Coaches 
Number 1 2 3 4 as 5 6 7 8 
Hydrocarbon Content: 
Milligrams Per Standard 
Cubic Foot 21 13 118 130 237 703 839 1515 
Weight Per Cent of 
Supplied Fuel 23.9 24.3 8.4 18.7 4 319 341 56.2 
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reduce hydrocarbon losses by reducing engine speed at 

agiven car speed. 

Limited studies using gasoline, LPG, and Diesel 
powered public transit buses have suggested that there is 
no significant difference in the total amount of hydro- 
carbon released to the atmosphere by the 3 different 
engines, provided that the over-all fuel consumption is 
comparable. 
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APPENDIX A 


In the twenties and thirties, several investigators(1-2) observed 
small amounts of hydrocarbons in exhaust gases. Since their methods 
of analysis could not identify individual hydrocarbons, all the hydro- 
carbon was arbitrarily reported as methane. The development of 
more suitable analytical instruments, such as infrared and mass spec- 
trometers, made it possible to measure the concentration of individual 
components of a gas mixture even though present in very small 
amounts. Both techniques have been successfully applied to the 
determination of hydrocarbons in exhaust gases 3-4). 


To decide which of the above two analytical methods would be 
used in this investigation, several comparable exhaust gas samples were 
analyzed by both methods. These tests and conversations with those 
familiar with the capabilities of each instrument indicated that the 
mass spectrometer method would be the more suitable for this inves- 
tigation. This decision was reached primarily because the mass spec- 
trometer can quantitatively identify most of the hydrocarbons in 
exhaust gas. The infrared spectrometer, on the other hand, can identify 
only those hydrocarbons having characteristic structures, such as 
methane, ethylene, and acetylene. Other hydrocarbons are grouped 
together and one must assume an average molecular weight to make 
effective use of this information. 


The samples were analyzed by the Institute of Gas Technology in 
Chicago, Illinois, and thus several days elapsed between sampling and 
analysis. It is not known how this delay affected the analyses. 


(1) See footnote 1, page 109. 
(2) See footnote 2, page 109. 
(3) See footnote 3, page 109. 
(4) See footnote 4, page 109. 


TABLE XIII 
Comparison of Mass Spectrometer Exhaust Gas Analyses Performed by Three Laboratories 





1000 rpm. Downhill 


Closed Throttle Operation 





Concentration—Volume Per Cent 





Constituent 


Lab. A 


Lab. B Lab. C 





§ Nitrogen | 72.8 
Carbon Monoxide 2.6 
Oxygen | 

Argon 

» Hydrogen 

' Carbon Dioxide 

» Water 

Methane 

Ethane 

Ethylene 

Acetylene 

Propane 

Propylene 

Butanes 

Butenes 

Butadiene 

Pentanes 

Pentenes 

Hexanes 

Hexenes 

Benzene 

Heptanes 

Heptenes 

Octanes 

Octenes 





Total Hydrocarbon 
Volume Per Cent 1.34 
Weight Per Cent of Supplied Fuel 40.7 





| 
| 
i 


75.9 75.6 
4.8 35 
13.4 13.3 
- 0.9 
1.5 1.2 
1.6 
1.0 
0.07 
0.06 


0.1 
0.2 
0.3 


0.09 


0.1 
0.005 (a) 


0.005 0.02 


1.47 0.99 (a) 
52.6 31.8 











(a) Probably low because C,’s were present on the spectrum, but not reported in the analysis. 
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However, the .mass spectrometer has limitations that should be 
recognized. It is difficult to distinguish between carbon monoxide and 
.hitrogen since both have a parent peak at mass 28 and few char- 
acteristic secondary peaks. For this reason, duplicate samples were 
collected and the carbon monoxide determined by Orsat analysis. 
Simple aldehydes have the same molecular weight at the next higher 
parafin. Therefore, their parent peaks coincide and, unless both 
are present in appreciable concentrations, it is difficult to distinguish 
between the two. Neither aldehydes nor any other oxygenated organic 
compounds were detected in these analyses. Oxygen, in concentrations 
greater than 5%, is troublesome because it may attack the tungsten x10 
carbide-coated filament in the ionization chamber. In such cases, the 4 =o = & 
mass spectrometer carbon dioxide and carbon monoxide concentrations Fe HO 
are questionable and the Orsat values were assumed to be correct. 

The water vapor in exhaust gas has a strong tendency to condense 
on or be absorbed by the glass surfaces of the sample containers or 
of the mass spectrometer inlet system. Most of the analyses were 
reported on a dry basis because only 5 to 10% of the expected water 
vapor appeared to reach the ionization chamber and contribute to 
the spectrum. This was true even though the sample containers were 
heated to 200°F. when transferring the sample to the mass spectro- 
meter. When water condensation occurs, water soluble oxygenated 
compounds may be lost and recent information(!®) has shown that 
hydrocarbons heavier than Cc, may also disappear. , 





300 




















+0 








200 a 














x10 








710 «+10 











PEAK HEIGHT — ARBITRARY UNITS 





























39 40 4 42 43 44 45 46 50 5! 
MASS NUMBER 


S52 53 54 55 56 57_5% 
(STANDARD) 


Fig. 7. Comparision of spectra. 


between 39 to 46, and 50 to 58 scaled accordingly. Considering that 
each instrument has its own “cracking pattern” for each hydrocarbon 


relative peak heights agree well. This suggests that the true coniposi- 
tion of each sample was essentially the same. 

The compositions reported by each laboratory differed considerably, 
however, as may be seen from Table XIII. The concentrations of the 
major constituents agreed fairly well, but there were some large 
differences in the reported concentrations of individual hydrocarbons 
Despite this, the total hydrocarbon content of each sample, exp: essed 
as volume per cent or as per cent unburned fuel, were all of the same 
order of magnitude. Because of the similarity of the spectral patterns, 
it seems likely that the large variations in the reported conccntra- 
tions of individual hydrocarbons were due to different interpretations 
of the spectral patterns. 

The conclusion must be reached that the absolute accuracy of mass 
spectrometer exhaust gas analyses remains somewhat in doubt. This 
is due both to the difficulty of getting a representative sample into the 
ionization chamber and the complex problem of deducing the gas 
composition from the spectral pattern. To help solve these problems 
the Coordinating Research Council has recently organized a special 
group to develop improved methods of sampling and analyzing engine 
exhaust gas. However, in spite of these difficulties, differences between 
samples collected in a similar manner and analyzed by one operator on 
one instrument are significant, and can provide valuable information 


It is difficult to check the sopuney of the mass spectrometer because 
no other instrument has the sensitivity required to detect individual 
hydrocarbons in low concentrations. Although gas mixtures contain- 
ing various hydrocarbons in low, accurately known concentrations can 
be prepared, in practice this is very difficult to do. For this reason, 
it was decided the best approach for this work would be to collect 
comparable exhaust gas samples, submit them to several laboratories 
for analysis, and compare the results. 

Exhaust gas samples were obtained from a 1953 model car coasting 
downhill at a constant engine speed of 1000 rpm. at the simulated 
deceleration condition previously described. The samples were not 
collected simultaneously, but every attempt was made to maintain 
comparable operating conditions at the times samples were collected. 
Portions of the mass spectrometer traces of these gas samples as de- 
termined by 3 well-known laboratories are shown in Fig. 7. To make 
direct comparisons possible, the peak height at mass 57 was arbi- 
sali: assigned a value of 100 in each case, and all other peak heights 


(10) Walker, J. K., and O’Hara, C. L., “Analysis of Automobile Ex- 
haust Gases by Mass Spectrometry,” presented at Southern Cali- 
fornia Air Pollution Foundation Meeting, Pasadena, California, 


August 18, 1954. (Continued on next page) 











re ee An Inventory of Automobile Gases 
available but the following table covers the years of 1950 


gasoline in Los Angeles County during the period 1935-53. 
through 1953‘). 


The data shown in Fig. 4 and 5 may therefore be used 
for estimating the control of automobile exhaust gases 
that would be required for return to the relatively smog- 


TABLE III 
Gasoline Consumption 





and that one laboratory (c) employed a freeze-out technique, the} 

















| free years prior to 1945. Based on the hydrocarbon emis 

Gallons Percent —— | Tons/Day sion from automobiles shown in this study, it may be 

Date per Year —_| Los Angeles * beg eae ll | Los Angeles estimated that the probable hydrocarbon emission in 
(State) County County County 1945 was about 600 tons/day. Therefore, automobiles 

should be equipped with devices which will curtail the 

se | speem | a | asta | ue6 aa cman of decatbone by sa 7 Tema 
1952 | 3,965,740,762 40.12 1590,000,000 | 13,440 be recognized that the addition of more automobiles (the 
1953 4,172,814,857 40.68 1,700,000,000 | 14,380 trend is upward) would necessitate curtailment of the 








(a) Based on 325.14 gal. per 2000 Ibs., API gravity 60. 


The tabulated data indicate that the consumption of 
gasoline in Los Angeles County is approximately 40-41% 
of the total gasoline consumption for the State of Cali- 


fornia. 


It therefore seems reasonable to use the State 


consumption figures as an index of the consumption of 


(4) See footnote 4, page 71. 
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hydrocarbon content of automobiles by more than 60%. 
In no case should the total hydrocarbon emission exceed 
about 600 tons/day. It is believed that devices can be 
built that will convert 60°% of the unburned or partially 
burned hydrocarbons to inert gaseous products. Research 
on devices for the latter purpose seems to be of para 
mount importance in controlling smog of the Los Angeles 
type. 
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nhl Seam page 88) Some Effects of Engine-Fuel Variables 


APPENDIX B the exhaust gas sample came from the fuel. A summation of the 


concentration times the molecular weight for each hydrocarbon gives 

The hydrocarbon content of . exhaust gas sample _ calculated the weight of unburned hydrocarbons present. The hydrocarbon con- 

from the mass spectrometer analysis of the sample. The weight of sup- tent in weight per cent of the supplied fuel is then the ratio of the 
plied fuel was determined from a carbon balance and the carbon- 


: weight of unburned hydrocarbons present to the weight of supplied 
hydrogen ratio of the supplied fuel, assuming that all the carbon in fuel. The stepwise procedure is outlined below: 


— 





Test Conditions: 400 rpm. Idle; 11.7 Air-Fuel Ratio; Isooctane. 


Hydrocarbon, Wt. Moles Carbon 


Concentration Per 100 Moles of Per 100 Moles of 
Constituent Mole Per Cent Mol. Wt. 








Sample 








COs | 8.63 f. 8S 8.63 
CO 8.5 ses 8.5 
Methane 0.212 16 0.212 
Ethane | 0.023 30 0.690 0.046 
Ethylene 0.034 28 0.952 0.068 
Acetylene 0.096 26 2.496 0.192 
Propylene 0.029 42 1.218 0.087 
Butanes | 0.002 58 0.116 0,008 
Butenes 0.013 56 0.728 0.052 
Butadiene | 0.013 54 0.702 0.052 
Pentanes | 0.003 72 0.216 | 0.015 
Hexanes 0.002 86 


0.172 0.012 
Heptenes 0.002 | 98 | 0.196 0.014 
Octanes 0.041 | 114 4.674 0.328 


Benzene | 0.001 | 72 0.072 0.006 




















Total Unburned Hydrocarbon 15.624 
Total Carbon 


~~ f Weight of Supplied Fuel = Total C x 12 + Total H x 1 


x 
= 18.222 [12 + 2.25 (1)] = 259.7 


5.62 ‘ : 
Total Hydrocarbon Content = ne x 100 = 6.0% by weight of supplied fuel 


: 4.674 i , 
) Per Cent Unreacted Fuel = “3507 -* 100 = 1.8% by weight of supplied fuel 
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A Rapid General Purpose Centrifuge Sedimentation 
Method for Measurement of Size Distribution of Small 
Particles—Apparatus and Method * 


K. T. Wuirsy 
University of Minnesota 
Minneapolis, Minn. 


The rapid increase in industrial development and con- 
centration of urban dwellers has placed increased empha- 
sis on the need for more effective air cleaning. 

The air filtration problem generally resolves itself into 
a need for knowledge of contaminants present in atmos- 
pheric air. These contaminants can be broadly classified as 
particulate matter, gaseous matter, airborne bacteria, 
viruses and odors. 

The American Society of Heating and Air-Conditioning 
Engineers, Inc., through its Technical Advisory Commit- 
tee on Air Cleaning fully realizes the magnitude of this 
air pollution problem. The Society is, however, presently 
confining its activities to a study of particulate matter 
which exists in air that ventilates spaces used for human 
occupancy. 

This first paper presents a new method of particle-size 
measurement which has been found to be of practical 
value for measurement in the 0.054 to 100u range. Part 
I describes the apparatus and basic method. Part II will 
describe detailed procedures applicable to a variety of 
applications. 

Problems of particle-size measurement are almost as 
varied as industry itself. For example, size measurement 
is important in the production of such substances as flour, 
paint pigments, powdered sugar and insecticides. In re- 
cent years the air pollution problem has received increas- 
ing attention, and a need exists for rapid yet comprehen- 
sive methods for evaluating atmospheric dust samples. 

These and similar needs in other fields of particle tech- 
nology have generated interest in size analyses because 
of the fundamental importance of size-distribution data. 

The literature in size analysis is voluminous and scat- 
tered widely in various scientific journals. Lately this 
situation has been improved by a number of comprehen- 
sive reviews covering all methods of size analysis. Sev- 
eral good ones are given by Schweyer and Work"), Hey- 
wood'?), Stairmand“*), and Rose't’. Two recent reviews 


( 1) Schweyer, H. E., and Work, L. T., in “Symposium on New 
Methods for Particle Size Distribution in the Subsieve Range,” 
ASTM meeting, Washington, D.C., March 4, 1941. 


*This paper is the result of research sponsored by the American 
Society of Heating and Air-Conditioning Engineers, Inc., in cooper- 
ation with the Mechanical Engineering Department, University of 
Minnesota, Minneapolis, Minn. It was presented at the 61st Annual 
Meeting of the American Society of Heating and Air-Conditioning 
Engineers at Philadelphia, Pa., January 1955. 
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which also have fairly extensive bibliographies are by 
Herdan™) and Work and Whitby‘. 

Study of the literature shows that only the mcro- 
scopic and sedimentation methods have been used widely 
for the subsieve range. Microscopic analysis by electron 
beam or light can be used from 0.01 mw up but the pro- 
cedures are tedious and inaccurate except for narrow size 
ranges. For this reason, sedimentation analysis has been 
the most widely used. All sedimentation or elutriation 
methods use the relationship between particle size and 
settling velocity derived from Stokes’ law, Hawksley ™ 
has given an excellent discussion of the basic principles of 
sedimentation analysis. 

Stokes’ law states that the settling velocity of a par- 
ticle in a fluid is proportional to the square of the par- 


ticle diameter. For this reason the settling velocity of F 


particles below 5 yw in size becomes rather slow. For ex- 


ample, a 1 w particle of density 2.5 would require about : 


24 hr. to settle 10 cm. in water. Thus, for practical rea- 
sons, gravity sedimentation is usually limited to 1 p 
and larger. By using a centrifuge to increase the force 
on the particles, the sedimentation analysis may be ex- 
tended to the finer size ranges. This is the approach used 
in the development of the method described in this paper. 

Basically, the method combines gravity and centrifuge 


sedimentation to take advantage of the desirable char-f 
acteristics of each. This approach is not new. For ex-§ 
ample, Norton and Speil‘*) constructed a centrifuge large 
enough so that standard hydrometers and jars could bef 


used. 


2) Heywood, H., “The Scope of Particle Size Analysis and Standard- 


ization,” Trans. Inst. Chem. Engrs.(London) and Soc. Chem. Ind.f 


(London), Roads and Building Materials Group, Advance Copy, 
February 4, 1947, pp. 1-11. 

Stairmand, C. J., “Some Practica! Aspects of Particle Siz 
Analyses in Industry,” Trans. Inst. Chem. Engrs. 
and Soc. Chem. Ind. (London), Roads and Building Materials 
Group, Advance Copy, 1947, pp. 58-68. 

Rose, H. E., “The Measurement of Particle Size in Very Fine 
Powders,” Constable and Company, Ltd., London, 1953. 
Herdan, G., “Small Particle Statistics,’ The Elsevier Press, Inc, 
New York, 1953. 
Work, L. T., and Whitby, K. T., “Size Measurement of Particles’ 
in “Encyclopedia of Chemical Technology,” Vol. 12, Interscience 
Encyclopedia, Inc., 1954. 

Hawksley, P. G. W., “The Physics of Particle Size Measurement— 
Part I, Fluid Dynamics and the Stokes Diameter,” Bull. Brit. 
Coal Utilization Research Assoc., 15, 105 (April 1951). 
Norton, F. H., and Speil, S., “The Measurement of Particle Sizes 
in Clays,” J. Am. Ceram. Soc., 21, 89 (1938). 
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Most centrifuge methods start with an initially homo- 
geneous suspension in the tube. Robison and Martin‘®? 
and Kamack‘) describe recent improvements in this ap- 
proach. The one serious drawback in the use of a homo- 
geneous suspension in a centrifuge is the complication 
involved in the calculation of results. The fact that 
various size particles are settling out at any given time, 
plus the fact that the forces on the particle vary with the 
radius in the centrifuge, precludes any exact solution to 
the ‘ifferential equations that describe the rate of sedi- 
men ation. This difficulty can be eliminated by making 
the :adius of the centrifuge large compared to the sedi- 
men ation height, or by starting all the particles off in a 
laye on top of the sedimentation liquid. The latter ap- 
proa h, first used by Marshall‘'!), is the one used in the 
met!.od described in this paper. 

Several different methods have been ysed for sensing 
the ate of sedimentation. Kamack‘'®) describes an in- 
genius system of withdrawal pipettes which can be oper- 
ated while the centrifuge is in motion. Svedberg‘!? 
mad: extensive use of optical methods in his ultracentri- 
fuge.. Norton and Speil'®) used a hydrometer, and 
Bery''*), a specific gravity diver. However, all of these 

See footnote 8, page 120 
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either require elaborate apparatus or careful technique. 
For these and other reasons a simple capillary at the 
bottom of the centrifuge tube has been used to measure 
sediment height. 


Principle of Operation 


Basic to the method is the special centrifuge tube and 
feeding chamber illustrated in Fig. 1. At the beginning 
of a size analysis the clean tube is filled to the line near 
the top of the tube with a suitable sedimentation liquid. 
The tube is then placed in a holding device, which may 
be simply a laboratory clamp on a ring stand, or may be 
a more elaborate optical observing device as illustrated 
in Fig. 2. 

Next, a suspension of particles is made up in a liquid 
that is miscible with the sedimentation liquid and has a 
slightly lower density and a slightly higher viscosity. The 
particles must be practically insoluble in either liquid. An 
aliquot of this suspension is placed in the feeding chamber 
and the chamber placed in the tube and released in such 
a way so as to leave a sharp layer of suspension on top of 
the sedimentation liquid. 


Then, at times calculated from Stokes’ law for the 
desired sizes, the height of the sediment in the capillary 
is read. Sedimentation is allowed to proceed under gravity 
for 4 to 10 min. depending upon the time schedule that 
has previously been worked out. Then the tube is trans- 
ferred to the first and lowest speed centrifuge and run for 
a precalculated time. The tube is removed to read the 
sediment height and then is replaced in the centrifuge 
for the next time interval. This is continued until there 
is no change in sediment height or until the last centrifuge 
time in the schedule has been run. During the centrifuge 


Fig. 4. Projected image of tube. Left—with 
sediment, Right-—empty 


tube. (Note—image 


<e Fig. 1. Centrifuge tube and feeding cham- 


ber design. 


Fig. 6. Miscellaneous equipment. Left to 
right: Cleaning wire, powder scoop, graduated 
tube, feeding chamber, and micro stirrer. 
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Fig. 2. Complete centrifuge size analysis equipment. Left to right: 
Projection reading apparatus, tubes in rack, micro stirrer, 300 rpm. 
centrifuge, 600-1200 rpm. and 1800 rpm. centrifuges. 


runs the speed is increased as the settling velocity of the 
particle decreases. 

By proper choice of liquids, centrifuge speeds and read- 
ing times, it is possible to determine size distribution at 
the rate of 2 per hr. on such materials as the A.C. fine 
test dust, illustrated in Fig. 3 and Table I. If this 
size analysis had been run by straight gravity sedimenta- 
tion, it would have required approximately 54 hr. as com- 
pared to about 25 min. by centrifugal analysis. 

Application of the method has been broad. Equipment 
and procedures are the result of the combined experience 
of 6 industrial firms and the University of Minnesota on 
over 50 materials ranging from paint pigments to D.D.T. 
insecticide. 

Though extensive, the equipment required is simple 
enough so that some version of the method is within 
the reach of every laboratory. Fig. 2 illustrates the com- 
plete apparatus used in making a size analysis. The 
method is very flexible. Size analyses can be made on 
samples as small as 2 mg. One or 20 points on the 
distribution curve may be determined and the method 
is especially suitable for obtaining accurate analyses of 
samples containing a few per cent of large particles. 

Calculation of results for routine analyses is simple, 











TABLE I 
Size Analysis Data for A.C. Fine Test Dust Analyzed Benzene 
Particle Reading Centsifuge Observed Per Cent | Per Cent 
Size Time rpm. Height Greater Less 
Microns | min. sec. on Screen | Than Size | Than Size 

60 :18 0 0 100 
50 :26 0.2 0.8 99.2 
40 :40 0.9 3.5 96.5 
35 53 1.3 5.0 95.0 
30 1:12 2.0 a | 92.3 
25 1:43 3.0 11.5 88.5 
20 2:41 4.5 17.2 82.8 
16 4:12 5.9 22.6 77.4 
12 :18 300 8.3 31.8 68.2 
8 :24 600 11.3 43.4 56.6 
4 :38 1200 16.7 64.0 36.0 
2 1:03 1800 20.4 78.2 21.8 
1 3:22 1800 22.4 85.8 14.2 
0.5 12:34 1800 23.8 914 | 8.6 

+0 15:00 4000 26.1 100.0 | 0 

















Note: Room Temperature = 80° F; Sedimentation Liquid = Ben- 
zene; Feeding Liquid = 40% Benzene + 60% Naphtha; Dispersing 
Agent = 0.1% Twitchell 8240; » = 2.52 gm/cm*; p. = 0.87; no = 
0.00582 poise; K = 6.45 x 10‘. Dispersed 2 min. in a_ blender. 
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Fig. 3. Particle size analyses of A.C. fine test dust. 


requiring only a few calculations on a slide rule. De: ails 
of the calculations involved and preparation of schedules 
will be described later. Selection of liquids, disper sing 
agents and dispersion methods will be discussed in |’art 


II (to be published ). 


Apparatus 
Centrifuge Tubes 

The tube design that has been developed is illustrated 
in Fig. 1. The graduated tubes, which can be read with- 
out any optical accessories, are necessary for the analysis 
of certain materials. Ungraduated tubes are satisfactory 
for most materials. Paint pigments and other submicron 
materials form an optically opaque suspension in the capil- 
lary above the sediment. Though it is possible to see the 
line of demarcation with the unaided eye, it is olten 
impossible when using the projection system. 

The ungraduated tubes used with a suitable projection 
system are desirable for most size-analysis work. Magnif- 
cation of the capillary image 6 times, as in Fig. 4, per- 
mits easier, more accurate reading of sediment height. 
The magnified image also makes it easy to see if dis- 
persion is satisfactory and to see the actual shape and 
number of the few largest particles. 

Tube size is such as to fit the standard 15 ml. tube 
shields and heads available on most small centrifuges. 
Other tube dimensions have been worked out from ex- 
periment and from consideration of what it is practical 
to make from glass. It has been found that the 2 parts 
of the tube most difficult to make, and also the most 
important, are the transitions from the cylindrical por- 
tion to the capillary and the flat bottom of the capillary. 

In addition to the tube design shown in Fig. 1, a 
special open-ended design having a bore of 0.17 mm. 
is under development for use with impinger dust samples 
and other applications where the concentration of dust 
in the feeding liquid is very low. 

Centrifuges 

Early attempts to use ordinary laboratory centrifuges 
showed that while they can be used, they have many 
serious drawbacks. The major disadvantage is lack of 
speed stability. Acceleration rates are too low at the 
low speeds and too high at the high speeds. Also it is 
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yery difficult to control these rates without major recon- 
struction of the centrifuges. 

Some of the smaller commercial centrifuges can be used 
if an accurate stroboscope is available and if they are 
operated with covers open in order to keep the tubes 
at room temperature and to increase aerodynamic resist- 
ance 

Considerable experimentation has established the fol- 
lowing centrifuge characteristics as necessary: 

1. Speed must be constant within 1% of the values 
used in calculating the tables. 

2. Maximum rate of acceleration during starting and 
stop ing must be less than 5 rad. per (sec.) (sec. ) 

3. Speed vs. time curves during starting and stopping 
mus: be known and constant enough so that starting and 
stop ing correction will not vary more than +0.5 sec. 

4. It is desirable to have a 300-600 rpm. range for the 
slow est centrifuge. 

5. For ease of operation it is desirable that no adjust- 
men of rheostats or other speed control equipment be 
ssary during the starting and stopping period of the 
‘ifuge. This is to permit the centrifuge to be started 
and stopped by an automatic timer of suitable accuracy. 

Tue foregoing requirements dictated the design of the 
special centrifuges illustrated in Fig. 2. These centri- 
fuges are powered by multi-speed hysteresis-type syn- 
chrenous motors. Three centrifuges have been developed 
so far. A 300-600 rpm. unit is powered by a 600-1200 
rpm. motor with a 2 to 1 gear reduction between motor 
and head. A 600-1200 rpm. unit is direct driven, as is an 
1800 rpm. unit. Starting and stopping characteristics are 
controlled by a combination of an inertia disk on the 
motor shaft and a variable resistor in series with one 
winding of the motor. For some locations, a wave-form 
correcting-type voltage regulator is necessary to obtain 
constant starting characteristics. 

For convenience, a l-sec. to 1-hr. timer is built into 
each centrifuge. All of the work to date has been done 
with centrifuges equipped with small commercial heads. 
These two-place heads were used because they were 
| the smallest standard heads available. Use of other 
heads with slightly different trunnion radii would have 
no effect other than to change the radii used in the 
calculation of time schedules. 


Tube-Reading Equipment 

It was found desirable to tap the tube gently on the 
tip along the axis of the tube during the gravity portion 
of the run. Therefore, for both the graduated tubes and 
the projection tubes, the tube holder is provided with a 
cam operated tapper which strikes the tube a light blow 
on the tip 40 times/min. 

For the ungraduated .tubes a special projection system 
is used to read the tubes. Fig. 4 is a close-up of the 
screen and illustrates the type of scale and image ob- 
tained. Fig. 5 illustrates in schematic form an improved 
version of the optical unit which is now under construc- 
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tion. The tube should be out in the open so that sedi- 
mentation can be observed in the whole tube and so that 
the lamp heat will not cause convection currents. Space 
for more than one tube is provided in a sliding rack 
so that more than one analysis can be run at the same 
time. This is also the reason for the double optical sys- 
tem of the instrument illustrated in Figs. 2 and 4. 
Miscellaneous Equipment 

Several small but essential items go to complete the 
apparatus as follows: 

1. Feeding chamber—as illustrated in Fig. 1—is essen- 
tial for obtaining a uniform layer of suspension on the 
surface of the sedimentation tube. 

2. Fig. 6 illustrates a cleaning wire and powder scoop. 
Closed end tubes are cleaned by pumping this wire 
rapidly in and out of capillary with the tube full of liquid. 
The powder scoop is used for measuring out a given 
volume of powder when the dispersion is made directly in 
the feeding chamber. This is particularly convenient 
for routine analyses on materials reasonably easy to dis- 
perse. 

3. Fig. 6 also illustrates a special micro-stirrer that 
can be used to stir the suspension in the feeding cham- 
ber. This makes it unnecessary to make up a separate 
suspension in a blender or other stirring device. Using 
a motor that will develop at least 10,000 rpm., this micro- 
stirrer will disperse all but the most difficult materials. 

4. High-speed commercial centrifuge—A commercial 
centrifuge that will develop approximately 2,000 g’s is 
useful for obtaining end points on very fine materials such 
as paint pigments. A small medical centrifuge is satis- 
factory for this purpose. 


Calculation of Tables 


Because this method combines both gravity and cen- 
trifugal sedimentation, it is most convenient to calculate 
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Fig. 5. Schematic diagram of improved projection unit. 
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TABLE II 3 
Values of 1/d? Used in Table III 
d - microns ne res 
70 2.04 x 10-* 
60 2.78 x 10-* 
50 4.00 x 10-* 
40 6.25 x-10* 








the reading times completely before a run is begun. 
Though there are several ways of doing this, only one 
procedure will be given here. Developed in collaboration 
with Dr. M. A. Knight, this procedure is particularly 
adapted to industrial laboratory operations since it re- 
duces the decisions that must be made during the com- 
putation. 
Gravity Portion of Tables 

The time for a particle to settle a given distance in a 
fluid under the influence of gravity can be calculated 
from the usual form of Stokes’ law. 


t. = (18 X 10° y, A)/(p — p,) & @?1........ (1) 
where 
t, = time in seconds for a particle to settle a dis- 
tance A under the influence of gravity. 
d = particle diameter, p. 
h = settling height, centimeters (10 cm. for all 
tubes). 
p = true density of particles, gm./cm.* 
p, = density of sedimentation liquid, gm./cm.* 
N, = absolute viscosity of sedimentation liquid, 
poise. 
g = gravitational constant. 
if we let 
K = (18 X 10° », h)/[(p — p,) a) ..........-(2) 
then Equation 1 becomes: 
2 ogee ten el Stale erent pe tern nec eaeee? (3) 


Since K will be a constant for a given material in a 
given sedimentation liquid, the gravity reading times may 
be calculated by multiplying the calculated K value by 
1/d? values pre-calculated in tabular form. Table IT illus- 
trates a few //d? values used in calculating the time 
schedule of Table III. 

Centrifuge Portion of Table 

Centrifuge settling times can be calculated by a form of 
Stokes’ law for a centrifugal field that is derived as fol- 
lows: 

Let r represent the radius of rotation of a particle of 
mass m rotating about an axis with angular velocity 
w. At equilibrium, two forces will be acting on the par- 
ticle: a frictional force determined by Stokes’ law, and 
a centrifugal force. 

Equating these we obtain: 

3 wd (dr/dt) X 10° = m @? +. 

In a liquid the effective mass of a spherical particle 
will be: 

m = (7/6) d@ (p — p,) 
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Therefore: 


dr/dt = [(p — p,) w*d?r]/(18 X 108 ») 
Integrating between the starting radius r,, and the 
final radius r, we obtain: 


t_=t—t, = ) (18 x 108 9,)/l(p — p,) e my 
gS ESAS IESE RR Se Oe ae DO CR TENCE Te (4) 
where 

t, = the centrifuge running time necessary to 


centrifuge a particle of size d from r, to r,, 
In both Equations (3) and (4), the slightly different 
density and viscosity of the feeding and sedimenta‘ion 
liquid have been neglected. This approximation is valid 
because the thickness of the feeding layer is small ind 
usually the density and viscosity differences are sniaall. 
The K-values may also be defined from Equation 4) 
if the centrifuge speeds are selected. If we let K, repre- 
sent the K-value associated with a given centrifuge speed 
i “en” 


K, = (18 X 10° y,)/[p — p,) 0,2)... 5) 
Equation (4) becomes: 
Ot Ci PO OTM, issn kd cues cpstmavaae 6) 


By equating Equations (2) and (5), K, may be ex- 
pressed in terms of K as shown in Table III. 

In Equation (6), r, is a constant for a given tube nd 
head design, but r, will depend not only on the radius of 
the top of the tube but on how far the particle has 
already settled under the influence of gravity. 


TABLE Ill 
Calculation of Reading Schedule of K — 6.45 x 10* 
































RPM | Values of Ks | Values of Js 
300 | 0.0992 K = 0.640 x 10° | 100 1/K = 0.00155 
600 | 0.0248 K = 0.160 x 10! | 525 1/K = 0.00814 
1200 | 0.0062 K = 0.040 x 10° 2,900 1/K = 0.0450 
1800 | 0.00276 K =0.0178x 10 | 14,500 1/K = 0.225 
d_, in t, | di tin | 
Microns Seconds mas a. Seconds | 
| 
70 a 30 a7 (I 
60 wm | os | ws | t_= Kid! 
50 25.8 20 161.0 | 
40 40.3 16 252.0 
35 52.6 
| | 
Aaa qd. | oY er C, ee | RPM | ; Q “a 
"ae Wee 0 17.7 300 | 0.00277 
x 18.0 + 6.0 24.0 600 | 0.0130 
4 25.4 412.4 38.0 | 1200 | 0.0764 
2 46.7 -+16.0 63.0 | 1800 | 0.337 
1 186.0 +16. 202.0 | 1800 | 1.383 
0.5 738.0 4-16.0 754.0 1800 | 5.576 
RPM loaded = (Qn _ Qu- 1) K., Seconds 
300 0.00277 x 0.640 x 10° = 17,7 
600 (0.0130 — 0.00277) (0.160 x 10!) = 180 
1200 (0.0764 — 0.0121) (0.040 x 10*) = 25.4 
1800 (0.337 — 0.0764) (0.0178 x 10‘) = 46.7 
1800 (1.383 — 0.337) (0.0178 x 10*) = 186.0 
1800 (5.576 — 1.383) (0.0178 x 10*) = 738.0 
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TABLE IV 
Portion of a Table of Q Values used to Calculate Centrifuge 
Running Times (a) 





dg, microns 











| 
de, microns | 


16 


14 0.00099 
13 | 0.00175 
12 0.00277 
11 0.00417 


10 | 0.00613 0.00542 0.00459 
9 | 0.00892 0.00811 0.00719 0.00614 
| 0.0130 0.0121 0.0110 0.00984 
0.0191 0.0181 0.0169 0.0156 
0.0288 0.0278 0.0264 0.0249 


0.0454 0.0442 0.0427 0.0410 
0.0764 0.0749 0.0733 0.0713 
0.144 0.142 0.140 0.138 
0.337 0.336 0.334 0.331 
1.383 1.381 1379" | 1.376 


| 
| 


os | 5.576 557% | 5.5% 5.576 


——_]- 
| 0.000649 

0.00159 

0.00281 


0.000842 
0.00199 


0.00367 

















(a) Q valves calculated for ro = 3.30 cm. and re = 13.30 


Therefore 
= 7, + 10 (t./t.).... eee ff 
where 
time for last gravity particle size d, to settle 
10 cm. under gravity. 
time for first centrifuge particle size d, to 
settle 10 cm. under gravity. 
starting radius of all particles in the feeding 
layer at t = 0. 


If Equation (3) is substituted into Equation (7) 
r, =7r,+10 (d.?/d,). 


We see that 7, is a function only of the last gravity 
size and of the centrifuge size under consideration. This 
makes it convenient to set up a simple calculation scheme 
for the centrifuge portion of the run in which use is made 
of a calculation constant tabulated as a function of d_ 


and d.. 


In Equation (6), define Q by: 
Q = (1/d,?) log, (1,/r,)....-.. peel ee 
then 
ee SEE ie ee (10) 

Substitution of Equation (8) into Equation (9) yields: 
Q = (1/d2) log, }r,/lr, + (10d 2/42)... 1) 

Equation (11) may then be used to calculate a table 
of Q values such as in Table IV, for apparatus with given 
r, and r, values. 

Before illustrating how a table of Q’s is used to calcu- 
late a complete reading schedule, it is convenient to 
define one other constant. When preparing a reading 
schedule such as in Table III, the question arises as to 
just what particle-size intervals and centrifuge speeds are 
desirable. 

There is not too much of a problem during the gravity 
portion of the run because practically any size intervals 
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may be used. However, during the centrifuge portion, a 
number of factors must be considered. Due to computa- 
tional difficulties, it is impractical to have a centrifuge run- 
ning time less than the starting time of the centrifuge 
at that speed. In Table III for example, the first cen- 
trifuge time at 12 yw is 17.8 sec. For this centrifuge the 
minimum useful timer setting is 10 sec. If the centrifuge 
time for a size of say 14 yw was to be calculated, it would 
be found that the centrifuge time would be only 6.3 sec., 
which is below the useful time and therefore impractical. 
The same problem exists when changing to higher speeds. 
To aid in selecting the best combination of sizes and 
speeds, it is convenient to define the minimum useful 
increment in Q that can be used for each centrifuge speed. 
In Equation (10), t, is the centrifuge running time 
assuming that the centrifuge runs at the given speed for 
the whole interval. Actually a starting and stopping cor- 
rection is necessary because in most cases it is incon- 
venient to balance the starting time against the stopping 
time. Later it will be shown how this correction is ob- 
tained but for the present it is sufficient to say that it is 
a constant which is added algebraically to t, in order to 
get the timer setting t.,. 
Therefore, 


t,.=tot+tC=KQ+ C 


. 2 5 (12) 
where 

C. = the starting-stopping correction at speed S. 

t., = the centrifuge timer setting necessary. 

The minimum useful increment in Q may now be cal- 
culated by setting t,, equal to the starting time of the 
centrifuge. 

t.=t 


ct starting 


— K, J, a C, 
or 


J=(t 


s starting C,) /K, ( 13) 
where 

J is the minimum useful increment in Q at the speed s. 
As an example, for the 600 rpm. centrifuge C, = + 6 
sec., and ¢ starting = 19 sec., 
therefore 
J son = 19 — 6/K gy.) = (13/0.0248K) = (525/K) 

Table III illustrates how these Q and J values are used 
to calculate a complete schedule. A convenient step-by- 
step procedure is outlined: 

1. Using Equation (2), calculate K for the given con- 
ditions of density and viscosity. 

2. Calculate //K, K, and J, values as at the top 
of Table III. 

3. Calculate the gravity portion of Table VI from 
Equation (3) and a suitable table of //d? values. It is 
best to terminate the gravity portion of the run between 
4 and 10 min. The minimum gravity time permissible 
will depend on the centrifuge equipment available and 
the size interval from the last gravity to the first cen- 
trifuge size. 

4. Select the first centrifuge size so that Q, > J,,. 
In the example J,,,. = 0.00155 and therefore for d, = 


300 
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16 wp it is seen from Table IV that d, = 13 yp is the 
maximum particle size that could be selected for the 
first centrifuge size. In this case 12 gw was selected be- 
cause the interval from 12 to 16 w was small enough. 
Calculate t, from Equation (10), using a Q value corre- 


sponding to d, == 16 and d, = 12 and K,,,, Add the 
appropriate start stop correction to get the time setting 


bs 


bet 7 Q,K," + Ny 

5. Select the next centrifuge size so that Q, > Q, + 
J... The problem now arises as to whether to use the 
centrifuge speed used for d., or go to a higher speed. 
In this case Q, + Jy, = 0.00432 and Q, + Jiu, = 
0.0109. From Table IV it is seen that the maximum d.,, 
that could be used with 300 rpm. centrifuge is 10 pu 


and with the 600 rpm. centrifuge, 8 uw. Since the interval , 


from 12 to 8 yp is satisfactory, we choose the 600 mw rpm. 
centrifuge in order to save time. Then for the example: 


bat — 2, Kw bic. Q, K oss + Css 
= 0.0130 « 0.160 * 104 — 0.00277 
<x 0.160 * 10* + 6.0 = 24 sec. 


6. Subsequent centrifuge size intervals and centrifuge 
times are calculated using the same procedure. Because 
the starting and stopping of the centrifuges and the 
handling of the tube causes a small amount of mixing 
in the tube, centrifuge reading sizes should be limited to 
a maximum of 7. Actual experience has indicated that 
5 is usually sufficient. 


Where many size analyses must be run on a variety 
of materials it is convenient to make up tables of appro- 
priate reading schedules calculated for increments of K. 
Tables calculated for successive increments having a 
ratio of 1.025 over a range from 5 x 10* to 25 x 104 
will cover most used range. 


Determination of Starting and Stopping Correction 
Due to the short runs that are made with the cen- 
trifuge, the starting and stopping correction becomes an 
appreciable fraction of the running time. This makes 
a precise determination of the correction necessary. The 
following scheme has been found to be satisfactory. 


A stroboscope is used to obtain accurate angular ve- 
locity time data during starting and stopping. This is 
accomplished by observing the time at which the cen- 
trifuge reaches a speed preset on the stroboscope. 


From Equation (4), it is apparent that the settling 
velocity at a given radius is proportional to the angular 
velocity is squared. Therefore, if the angular velocity 
squared is plotted against the time during starting and 
stopping (Fig. 7), the area under the starting and stop- 
ping curves will be proportional to the distance settled 
during the respective times. The net correction is, there- 
fore: 


Area A — Area B 
Y (to same scale as 7’) 


Net correction 
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Fig. 7. Typical starting and stopping curves. 


Calculation of Results 

Calculation of results from the sediment height vs. time 
data is simple. The percentage of particles by weight 
larger than a given size is obtained by dividing the sedi- 
ment height at that size by the total sediment height. 
For example in Table I the percent larger than 12 ju is 

(8.3/26.1) X 100 = 318% 

The percent undersize, or the frequency distribution 
may be obtained in the usual manner from the percent 
larger than distribution. 

Typical Data 

Fig. 3 illustrates a typical particle-size analysis ob- 
tained with this method as compared to the standard 
Andreason pipette and the size analysis supplied by the 
makers of the dust. At this time it will merely be stated 
that reproducibility and agreement with other methods 
have been found to be entirely satisfactory for all but a 
few unusual situations. Considering the compromises that 
have been made in the development of the method, agree- 
ment with other methods is good. 

Summary 

This paper describes the apparatus and basic principle 
of a new method of centrifuge sedimentation analysis 
which has been found to be of great practical value for 
measurement of size distribution of dusts in the 0.05 to 
100 micron size range. Extensive use by six different in- 
dustrial firms has demonstrated that the method for the 
first time permits economical and rapid size analysis in 
the 0.05 to 5 micron size range occupied by most atmos- 
pheric dusts. 

Included are descriptions of apparatus, basic deriva- 
tions and outlines for practical methods of calculation 
of necessary tables and results. 
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A Technique For the Rapid Solution of 
An Air-Pollution Equation* 


F. T. Bopurtua, Jr. 
Engineering Service Division 
Engineering Department 
E. I. duPont de Nemours and Company 
Wilmington, Delaware 


A technique for the rapid solution of the Bosanquet and 
Pearson formula for atmospheric gas concentrations is de- 
veloped in this paper. The equations and graphs presented 
refe: to stack gases at or near atmospheric density. Gen- 
eral consideration is given to stack gases whose density 
differs from atmospheric. It is indicated that the total 
plume rise may decrease with increasing stack gas velocity 
when the effluent density is less than atmospheric. 


Nomenclature 


a=Velocity rise factor, dimensionless. 
C,.=Ground level concentration, 
lor gas of emission rate Q., ppm. by volume, 
for particulate matter, mg./ft.* 


Coc cx) Maximum concentration at ground level, 
(same as C,). 
e= Natural logarithmic base, 2.718. 
G=Gradient of potential atmospheric temperature, 
deg. C/ft. 
g=Acceleration due to gravity, 32.2 ft./sec.? 
H=|ffective stack height, ft. 
h=Stack height above grade or other reference level, ft. 
vimax) = Maximum velocity rise, ft. 
h =Velocity rise at distance x, ft. 
he max) = Maximum thermal rise, ft. 
h=Thermal rise at distance x, ft. 
J=Parameter for calculation of thermal rise, dimensionless. 
?, g=Diffusion coefficients, dimensionless. 
Q ,=Emission rate at atmospheric temperature, 
for gas concerned with, cfs. 
for particulate matter, kg./sec. 
Q,,,=T otal gas emission rate at temperature T,,, cfs. 
T=Atmospheric temperature, deg. K or deg. R. 
T,=Stack gas temperature, deg. K or deg. R. 
T,=Temperature at which stack gas and atmospheric 
densities are equal, 
(T,= (Mol. Wt. — Gas) (T) for gases at atmos- 


pheric pressure), deg. K. or deg. R. 





u=Mean horizontal wind speed, fps. 
u=Wind speed at which maximum concentration occurs 
at a specified distance x (critical wind speed ), fps. 


"Presented at the Annual Meeting of the American Society of Mechan- 
ical Engineers, New York, N. Y., November 28 to December 3, 1954. 
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U,,,=Wind speed at which maximum concentration occurs 
(critical wind speed ), fps. 
V =Stack gas exit velocity, fps. 
x=Downwind distance from emission source, ft. 
x,,=Distance from stack to point of maximum ground 
level concentration, ft. 
Z=Parameter for calculation of thermal rise, dimensionless. 
A=T,-T,, deg. C or deg. F. 
Introduction 

The current emphasis on the abatement of air pollution 
makes it necessary in many instances to provide means to 
keep the ground level concentration of effluent gases 
below specified values. Stacks are commonly used for this 
purpose. Necessary stack heights for single sources may 
be calculated from formulas developed by Bosanquet and 
Pearson) and Sutton’). A comprehensive discussion on 
the application of these formulas has been given by 
Helmers*?, 

The Bosanquet and Pearson equation for the average 
gas concentration at ground level beneath the plume axis 
is 


(1) 





H 
ie Qm * 18x e7 px 
° V2 pagqux? 


where 
H=h,+h,+h, (2) 
C. in Equation (1) is representative of average con- 


centrations for 30 min. or longer‘*’. Peak 1 min. concen- 
trations are about 10-20 times those of Equation (1) while 
instantaneous concentrations may be 50 times the average 
concentration‘**), 

Bosanquet, Carey, and Halton’ have given the fol- 
lowing equations for the rise of the plume caused by the 
velocity of the stack gases: 


(1) Bosanquet, C. H., and Pearson, J. L., “The Spread of Smoke and 
Gases from Chimneys,” Trans. Faraday Soc., 32, 1249 (1936). 

(2) Sutton, O. G., “The Theoretical Distribution of Airborne Pollu- 
tion from Factory’ Chimneys,” Quart. J. Roy. Meteorol. Soc., 73, 
426 (1947). 

Helmers, E. N., “The Meteorology of Air Pollution,” Chapter 8 
in “Air Pollution Abatement-Manual,” Manufacturing Chemists 
Association, Inc., Washington, D. C., 1951. 

Falk, L. L., et. al., “Development of a System for Predicting 
Dispersion from Stacks,” Air Repair, 4, 35 (1954). 

Gosline, C. A., “Dispersion from Short Stacks,” Chem. Eng. Progr., 
48,165 (1952). 

Basanquet, C. H., Carey, W. F., and Halton, E. M., “Past Despo- 
sition from Chimney Stacks,” Jnst. Mech. Engrs (London), 1949. 
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Picrines - (3) 
(+043 7 )u 
Ss 
hy= Irumon 0.8 “ees (4) 


when x > 2h,,,,,,- [heir equation for the additional 
rise due to buoyancy (1.e., thermal rise) is 


6.379 0,k 





“man = —5 r z (5) 

where 
Z=InJ?+-&-2 (6) 

and 
piudiipas fA . SEBS y 7 


VO,\, gG gh 
The foregoing equations are functions of the wind speed, 
u. Maximum values of C, occur at a certain wu, the critical 


wind speed. This is true since e increases with in- 
creasing wind velocity in Equation (1) while 
Q, x 10® 
V2 Tr pqux? 


decreases. A trial-and-error technique is generally used to 
calculate this critical wind speed. 

The purpose of the present analysis is to develop a rapid 
method for the solution of the Bosanquet and Pearson 
formula, Equation (1), for efluent gases at or near atmos- 
pheric density. The method is based on the fact that the 
total height, H, of a gas after exit from a stack is a func- 
tion of uw. Consequently, the basic equations can be par- 
tially differentiated with respect to u. The critical wind 
speed is obtained if the resulting equation is set equal to 
zero. Other investigators have similarly calculated critical 
wind speeds using Sutton’s equations and other plume 
rise formulas‘*). Thermal rise is not included in this rapid 
method because of the unwieldy character of the resulting 
equations. 

Methods for the solution of 3 commonly required cal- 
culations are given below. 





Case I. The Maximum Ground Level Concentration 
From a Given Stack Height 
It is indicated in Bosanquet and Pearson") that by 
partial differentiation of Equation (1) with respect to x 
and setting the result equal to zero, 


(8) 


and 


(1) See footnote 1, page 127. 


(7) “A Meteorological Survey of the Oak Ridge Area,” U. S. Atomic 
Energy Commission, ORO--99, 1953. 
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TABLE I 
Values of p and q for Stated Degrees of Atinospheric Turbulence 














Turbulence p qd pla Sms 
Low 0.02 0.04 0.50 25H 
Average 0.05 0.08 0.63 10H 
Moderate 0.10 0.16 0.63 SH 
p 
2.15 X OnX = x/0° 
q (9) 





Casnitan - 2 
UH 

Rational values of » and gq, for stated degrees of atinos- 
pheric turbulence are given in Table I‘*). 





The maximum ground level gas concentration, occurring 
with average or moderate turbulence, downwind from 3 
given source, consequently becomes 


| 35 x Qnx/0°: 
Cranes ad 2 
UH 


By partial differentiation of Equation (10) with respect 
to u it can be derived that the wind speed resulting in 
the greatest value of C 


(10) 





o(max) is 

. H 

a (1)) 
oH 

ou 


It is usually sufficient and desirable to express the veloc} 
ity rise of a gas as a fixed ratio of the maximum velocit 
rise at x, . 85% of the maximum theoretical velocity ris 
will be attained where x=5.3h,,,,,.,- [See Equation (4) 
The closest location of maximum concentration from th¢ 
stack will be 5H with moderate turbulence when p=0.1 
At x,, therefore, nearly the full rise will always be at 





tained. The stated fixed ratio is to allow for inaccuracie 
in the theoretical velocity rise and will usually be base 
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tion (11) and rearrangement give* 





(3) See footnote 3, page 127. 


*Critical wind speeds less than 1.5 fps. (1 mph.), resulting from equ 
tions developed in this analysis, are assumed equal to 1.5 fps. 
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Fig. 1. Critical wind speed as a func- 
height 1s defined. 


tion of stack gas velocity when stack 
height 1s defined. Whenever K#8O 
and VA £007 then «a = 15), 
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Fig. 1 depicts uw, vs. V, for assigned values of 
h, 
Appropriate values of uw, can be substituted into Equa- 
ions (12) and (10). It is possible to further reduce the 
ength of necessary computations for C,,,,,,,, however, by 
ubstituting Equation (12) into Equation (10). The fol- 
owing results: 


2 


h 
- Cnet” (15) 


/ 35x/0° 
fie 2.38 0VO, 3 | 
= (YK +O0.43U cm) Vem Ns 


Fig. 2 is a representation of Equation (15). The maxi- 











um average concentration, C,..), therefore, may be 
scertained directly by multiplying the ordinate deter- 
hined from Fig. 2 by Q,/h?.. 

The selection of the maximum stack gas velocity rep- 
tsented in Fig. 1 and 2 (and others referred to later) is 





‘) See footnote 2, page 127. 
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Fig. 3. Critical wind speed as a func- 
tion of stack gas velocity when allow- 
able maximum concentrations, C 


is defined. Whenever Kt8O and 


/Q, C. 
g Yee) 2 105 then u, = 15°), 
Om 
an arbitrary one. Most stack gas velocities will be below 
80 fps., however. 


If it is assumed, 


2.38 a 


v(max) s u 





h 


the resulting maximum velocity rise will never be more 
than 10% greater than that given by the complete form- 
ula, if vw, < 0.23V,. This will most often be the case when 
V. > 80 fps., 

For the determination of critical wind speeds when 


V. > 80 fps., 








2380VOK% ay 
H= h,+ ) 
, u 
From Equations (11) and (17), therefore, 
_ 2.38.0 V0,V, 
Ure, = (18) 


he 


Case II. Stack Heights to Keep Concentration of 
Effluent Gases Below Specified Values at Given Levels 


If it is necessary to keep the concentration of effluent 
gases below specified values, C it is evident from 


o(max)? 


‘Equation (10) that 





(19) 
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Substitution of Equations (19) and ”) into Equation 
(11) and —" yields 


yz +465 Yue, - 


creasing stack gas velocity, V., when the stack gas density 
is less than atmospheric, i.e., 7, > T,. (These equations 
are not applicable in a neutral or unstable atmosphere be. 
cause G < OQ for these situations). This effect is evidently 
due to the greater entrainment of ambient air at the high. 


3 
604x/0" 2 ti eimon) VO; Co max) Kru, at er stack gas velocities. Under some atmospheric condi- 
V0, c tions, therefore, the total plume rise, h, 4.) + Agdmax) for 
- (20) stack gases when T, > T, may decrease with increasing 
5.40 y2y2 vm stack gas velocity (for constant Q,,) Maximum velocity 
‘ s “cm ; << ee ‘ 
‘ rise, thermal rise, and combined rise indicated in Table I] 
Z0/ x/O72p Vv O,, enn a O for reasonable meteorological and stack parameters em- 


K 
V On : 
versus V, for assigned values of 
Vz, Comox) 
VOmn 


It is possible as in Case I to further simplify necessary cal- 
culations for h, by equating Equations (12) and (19). 


Thus, 
x V ee 
VOn 


Fig. 3 shows u 


cm 
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_ 368 
V Uem 








(21) 





phasize this point. It is desirable, however, that the stack 
gas velocity exceed a certain minimum value to prevent 
“downwash” of the effluent to the lee of the stack. ‘this 
minimum value depends on the physical environment and 
can be determined from wind tunnel tests‘*®). Increasing 
the stack gas velocity beyond this minimum value ray 
not be advisable when 7, > T,. 

When the stack gas density is greater than that of the 
atmosphere (7, < 7,) the effluent may sink rather than 
rise. Chesler and Jesser"®) have stated that heavy hy«ro- 
carbon vapors have been observed to drop towards the 
ground at refineries. The writer, too, has observed heavy 
gases sinking rapidly to the ground when the stack exit 
velocity was low. When 7, < T,,, therefore, it is apparent 


2.38 y? QO, Geomans that high stack velocities are advisable to provide air en- 
trainment and mixture with consequent reduction in both 
(K +0. FS Ucn Yor VQ plume density and undesirable settling. 


Fig. 4 is a graph of Equation (21). The ac stack 
height, h,, may be found directly by multiplying the ord- 
inate determined from Fig. 4 by 4 [Q,, 


V Comox) 
For V, > 80 fps. and from Equations (11), (17), and 
(19) with a development the same as that above 
~ 16.707, Cormaxy YX 10° 
cm Q,., 
It is apparent from Fig. 4 that relatively high stack gas 


velocities permit comparatively lower stack heights (and 
smaller diameters). It can be shown that the thermal rise 





(22) 


Case ITI. Critical Wind Velocity for a Specified 
Distance from the Stack 


The foregoing considerations have been based on max- 
imum concentrations. A requirement may arise, however, 
where it is necessary to deal only with concentrations at 
a specific distance, x, from a stack. It can be derived that 


(8) von Hohenleiten, H. L. and Wolf, E. F., “Wind-Tunnel Tests to 
Establish Stack Heights for Riverside Generating Station,” Trans. 
ASME., 64, 671 (1942). 

(9) Sherlock, R. H., and Lesher, E. J., “Role of Chimney Design in 
Dispersion of Waste Gases,” Air Repair, 4, 13 (1954). 

(10) Chesler, S., and Jesser, B. W., “Some Aspects of Design and 
Economic Problems Involved in Safe Disposal of Inflammable 
































obtained from Equations (5) to (7) decreases with in- aa) ee ee. en Seer ae 
TABLE II 
Plume Rises for Stated Meteorological and Stack Parameters 
Ve fps. u, fps. Qn» cfs. : Py imsan)? ft. h, (max)? ft. one . Be nany? ft. 

30 4 300 108 907 1,015 

60 4 300 155 669 824 

30 20 300 17 32 49 

60 20 300 28 29 57 

(a) A = 175° C; T, = 300° K; G = 0.009° Cif. 
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speed as a function of stack 
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ever K£80O and VO, <007 
then u, = — 15°. Pee 


for this case the maximum concentration at x will occur 


when 


(23) 


On substitution of Equation (13) into (23), where x> 


about 2.65ah, max)? 
3 2 
Ur+ 4.65 Kus + 


the following results: 


[5.404" say = 


A graph of u, versus V, for asigned values of 


(a 


Ge) 


px 


is presented in Fig. 5. Consistent values of parameters can 
be substituted in Equations (1) and (12) to find C, at x 
from a given stack height, or h, required to keep effluent 
concentrations below specified values at x. 

For V, > 80 fps. and with the approximation of Equa- 


tion (17) 


as Ee 


(25) 





ee 


2) See footnote 2, page 127. 
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Conclusion 


Methods for rapid solution of the Bosanquet and Pear- 
son formula, Equation (1), have been developed for use 
with stack gases at or near atmospheric density. It is em- 
phasized, however, that the present status of knowledge 
on atmospheric turbulence is not complete. The above 
equations, therefore, should not be interpreted as exact 
indicators of gas concentrations or necessary stack heights. 
It is advisable to use them only with consideration of their 
accuracy. These considerations are discussed by Helm- 
ers), With regard for the referred limitations, the present 
method should materially aid the solution of some prob- 
lems concerned with air pollution. 


Appendix 

Example 

3,000 cfm. of an air-gas mixture at atmospheric tem- 
perature containing 120 cfm. of contaminant gas is dis- 
charged through a stack 1 ft. in diameter. What height 
should the stack be so that the average ground level con- 
centrations of the contaminant do not exceed a given 
maximum allowable concentration of 10 ppm. by vol.? 
(Take % of maximum velocity rise.) 


Solution 


Since the mixture contains 96°% air it can be assumed 
that 7, = T,. From the given conditions: 


Q.,, = 50 cfs. 
Q,, =2 cfs. 
V, = 64 fps. 
Psi 


s=th 


= 10 ppm. by vol. 


7; = 23.5 





Enter — 4 with V, = 64 and 


VQ J —— 


V Om 


= 23.9. 





The value of h, V Comox is 80. The required stack 


m 


height, therefore, is 


VOQn__ 
V Comox) 


Peak 1-min. concentrations from a 36-ft. stack could be 
expected to be 100-200 ppm. Momentary concentrations 


80 = 36 ft. 


might equal 500 ppm. 


The critical wind speed obtained directly from Fig. 3 
is 6.5 fps. (4.5 mph). 


(3) See footnote 3, page 127. 

















(Continued from page 126) A Rapid General Purpose Centrifuge Method 
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